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Stress,  including extreme or rapidly  changing  temperatures,  are  known  to 
have  deleterious effects on fish  health  and physiology.  This  thesis  examines the 
combined effects of elevated acclimation temperature  and acute handling stress on 
the  number of antibody producing cells,  plasma lysozyme concentrations, and the 
number  of  pronephric  leukocytes  in  juvenile  chinook  salmon  (OllcorhYllchlls 
tshawytscha).  An  additional  goal  of this  thesis  was  to  explore  the  effects  of a 
temperature  fluctuation,  as  a  potential  instigator  of  thermal  shock,  on  innate 
immunity  10  wild  fall  chinook  salmon  of  the  Columbia  River,  specifically  to 
determine  if  there  are  effects  on  plasma  lysozyme  concentrations  and  on  the 
frequencies of lymphocytes, neutrophils, and thrombocytes in  circulation.  Finally, 
based on results found in an experiment involving elevated acclimation temperature, 
the  relationship  between  the  number  ot antibody  producing  cells  and  fish  body 
weight was examined. 
Redacted for PrivacyPlasma lysozyme concentrations  and  the  number of pronephric  leukocytes 
were  both  affected by acclimation  to  21°C  compared to  13°e.  While  a  positive 
relationship was found between temperature and lysozyme,  an inverse relationship 
was found between temperature and the number of pronephric leukocytes.  Plasma 
lysozyme concentrations, the  number of pronephric  leukocytes,  and the number of 
antibody  producing cells  did  not  respond to  the  stressor,  and the  combination of 
elevated  temperature  and  stress  did  not  have  an  additive  effect  on  any  of the 
physiological or immunological variables studied. 
Differences between controls and temperature-treated fish  were not detected 
among  individual  time  points  throughout  a  temperature  fluctuation  experiment, 
despite overall responses in plasma lysozyme concentrations and the frequencies of 
circulating  lymphocytes.  The  frequencies  of  circulating  neutrophils  and 
thrombocytes did not respond to the thermal stressor.  Finally, a significant positive 
relationship was detected between the number of antibody producing cells (assessed 
by a hemolytic plaque assay) and body weight among non-stressed fish acclimated to 
21°C and 13°e.  Regardless of acclimation temperature, these results emphasize the 
importance  of  the  standardization  of  fish  size  for  immunological  experiments. 
Results  from  this  thesis  suggest  that  some  components  of innate  immunity  are 
affected by elevated acclimation temperatures and that the adaptive immune system 
is  affected  by  acclimation  temperature  differently  in  small  and  large  fish. © Copyright by Laura Nicole Martini Harrahy 
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General Introduction 

Fish are constantly subjected to stressful conditions in  natural and artificial 
environments.  Rapid changes in water conditions, the presence of predators, habitat 
degradation and the influence of dams and diversions are a few of the many stressful 
experiences that fish  encounter.  One of the  known effects of stress in  fish  is  the 
suppression of the immune system and increased susceptibility to  disease (Tripp et 
aI.,  1987;  Maule  et  aI.,  1989;  Schreck  et  aI.,  1989a;  Barton  and  Iwama,  1991; 
Schreck, 1996).  Plasma corticosteroids and catecholamines are known to increase as 
a  primary  response  to  handling  stress  (Mazeaud  et  aI.,  1977;  Donaldson,  1981; 
Schreck,  1981).  As  a  result,  a  negative  immune  response  is  elicited  by  the 
depression of lymphocyte production and function  (Tripp et aI.,  1987; Maule et aI., 
1989; Barton and Iwama, 1991; Schreck, 1996). 
Effects of stress on the immune system 
Stress plays a role in  the  function of both the  specific (or adaptive) and the 
non-specific (or innate) immune systems.  The specific immune system involves the 
recognition of a specific antigen by B  cells and requires the production of specific 
antibody,  while  the  non-specific  immune  system  provides  innate,  immediate 
protection against various types of infections (Janeway and Travers,  1994).  Stress 
and glucocorticoids have been reported to  suppress the adaptive immune system in 
mammals  (Gisler et  aI.,  1971;  Cupps et  aI.,  1985).  Likewise, they are  known  to 2 
affect the mammalian innate immune system, such as  by altering the distribution of 
circulating leukocytes in  and out of the tissues (Steplewski et al.,  1986; Dhabhar et 
al., 1995). 
Several  studies  have  demonstrated  the  suppressive  effects  of  stress  on 
adaptive immunity in fish.  For example, Maule et al. (1989) found a reduction in the 
ability of lymphocytes to generate antibody producing cells at peak cortisol levels in 
chinook salmon (Oncorhynchus tshawytscha) four hours following an acute handling 
stressor.  The number of antibody  producing cells  returned to  normal  as  cortisol 
returned  to  resting  levels  24  hours  following  the  physical  stress  application; 
however,  the  immune  system  again  appeared depressed seven  days  following  the 
stressor.  Tripp et  aL  (1987) also demonstrated that cortisol  dose-dependently and 
specifically  inhibited  lymphocyte  proliferation  and  the  generation  of  antibody 
producing cells when B cells of coho salmon (0. kislltclz) were exposed to an  antigen 
ill  vitro.  The  immunosuppressive effects of stress on  adaptive immunity can  vary 
with  species,  physiological  status  (Cupps  et  al.,  1984),  type  of  stress  induced, 
number and duration of stress applications, and methods of cortisol  administration 
(EspeJid et aL,  1996). 
Some of the effects of stress on innate immunity in  fish include alterations in 
lysozyme activity and the redistlibution of leukocytes.  For example, while acute and 
less severe stress events caused a stimulation of lysozyme acti vity in two out of four 
trials, a more severe and chronic two hour transport stress reduced lysozyme activity 
significantly  in  an  experiment  with  rainbow  trout  (0.  mykiss)  (Mock  and Peters, 
1990).  Reductions in the number of circulating leukocytes in response to stress may 3 
indicate  a  redistribution  of the  cells  into  the  tissues.  While  leukocyte  numbers 
decreased in the blood and spleen of coho salmon after stress, leukocytes increased 
in the anterior kidney and thymus (Maule and Schreck, 1990).  Other evidence of the 
effects  of long  term  stress  on  the  non-specific  immune  system  in  fish  include 
reductions  in  macrophage  and  phagocytic  activity  following  elevations  in 
corticosteroids and catecholamines (Angelidis et aI.,  1987; Narnaware et aI.,  1994). 
Effects of temperature on the stress response 
The magnitude of the stress response in fish may vary according to ontogeny, 
genetic, and environmental factors (Schreck, 1981).  Temperature, for instance, is an 
environmental  factor  which  can  modify  the  stress  response  when  fish  encounter 
conditions,  such  as  abrupt  thermal  changes  or  exposure  to  warm  water.  The 
physiological stress response in  fish can depend on the temperature to which the fish 
are acclimated.  Plasma cortisol and glucose levels tend to respond more quickly and 
mortality  rates  are  often  higher  in  fish  acclimated  to  warmer  water,  than  cooler 
water,  when placed under stressful conditions (Strange,  1980;  Barton  and Schreck, 
1987). 
Rapid changes in temperature also elicit stress responses in  fish.  In  sockeye 
salmon  (0.  nerka)  acclimated  to  11°e  and  quickly  immersed  into  21°e  water, 
adrenaline levels  increased rapidly and remained elevated for three hours (Mazeaud 
et  aI.,  1977).  In  juvenile  cutthroat  trout  (0.  clarki)  acclimated  to  9°e  and 
immediately subjected to 26°e, glucocorticoid concentrations increased significantly 
in 25 minutes and remained high for three hours.  In contrast, different cutthroat trout 4 
acclimated  to  a  slow  fluctuating  diurnal  temperature  cycle  of  13-23°C  had  no 
changes in plasma corticoid concentrations (Strange et aI.,  1977).  These examples 
demonstrate that previous acclimation temperature, time to  acclimation, and rate of 
temperature  change  are  crucial  in  determining  the  magnitude  of a  physiological 
response to temperature. 
Effects of stress on disease resistance 
There is abundant evidence that the inhibitory effects of stress on the immune 
system  will  lead  to  a  reduced  ability  to  resist  disease  in  fish  (Snieszko,  1974; 
Wedemeyer,  1974; Mazeaud et aI.,  1977;  Ellis.  1981; Pickering and Duston,  1983; 
Angelidis  et aI.,  1987; Maule et aI.,  1987; Tripp et aI.,  1987;  Maule et aI.,  1989; 
Pickering  and  Pottinger,  1989;  Schreck  et  aI.,  1989a;  Barton  and  Iwama,  1991; 
Narnaware  et  aI.,  1994;  Espelid  et  aI.,  1996;  Schreck,  1996).  Chinook  salmon 
exposed to  Vibrio angllillarllll1 four  hours following  an  acute  handling stressor had 
lower survival rates than fish  that were allowed to  recover and were exposed to  the 
pathogen  24  hours  following  the  stress  event  (Maule  et  aI.,  1989).  In  another 
experiment in  which the effects of multiple stressors were examined, cortisol levels 
remained  elevated  for  longer  periods  of time  in  diseased  chinook  salmon  and 
declined sooner in  healthy salmon.  In  addition,  plasma glucose  peaked at  higher 
levels  in  diseased  fish  when  stressed  than  in  healthy  fish  (Barton  et  aI.,  1986). 
Finally, chronic administration of cortisol has been shown to  lead dose-dependently 
to  higher  mortality  rates,  due  to  bacterial  and  fungal  infection  in  rainbow  trout 
(Pickering and Pottinger, 1989). 5 
Effects of temperature on immune function and disease resistance 
Temperature also plays a critical role in the function of the specific and non­
specific immune systems and disease resistance abilities.  The effects of temperature 
on immune function can be variable and dependent on conditions such as the species 
and  life  stage  of  fish,  genetic  strain,  species  of  pathogen,  previous  pathogen 
exposure,  acclimation  history,  and  general  health  of fish  (i.e.  physiological  and 
nutritional status).  Cold water, warm water, and wide variations in  temperature are 
all  known  to  be responsible for  suppressive effects on  the  immune system in  fish 
(Snieszko,  1974).  For example, Bly and Clem (1991)  found  immunosuppressive 
effects  of a  low  environmental  temperature  of 11°C  in  channel  catfish  (lctaluras 
pWlctatus).  Inhibitory  effects  on  the  specific  immune system  were  found  at  low 
environmental  temperatures,  due  to  a  reduction  in  the  number  of  virgin  T -cells 
involved  in  antibody  production  (Clem  et  aL,  1984;  Bly  and  Clem,  1992). 
Macrophage activation by rainbow trout leukocytes was also depressed when the fish 
were exposed for an  extended period of time to a low environmental temperature of 
7°C (Hardie et aL,  1994).  In  contrast,  Le  Morvan-Rocher et.  aL  (1995)  found  an 
enhanced  immune  response  based  on  an  increase  in  the  activity  of non-specific 
cytotoxic  cells  in  carp  (Cyprill11S  carpio)  exposed  to  a  low  environmental 
temperature  (for  this  species)  of  12°C.  Additionally,  infectious  hematopoietic 
necrosis (IHN) was found to infect salmonids most commonly at cool temperatures 
of 8-lO
oC (Snieszko, 1974), however, evidence also exists that the pathogenicity of 
IHN is  enhanced at higher temperatures  (Hetrick et aL,  1979).  Finally, lysozyme 
activity in fish is known to be higher at warm acclimation temperatures and lower at 6 
cooler temperatures  (Fletcher and White,  1976; Strange,  1980; Muona and Soivio, 
1992; Chen et aI., 1996). 
Other studies have demonstrated negative effects of elevated temperature on 
disease resistance in  fish.  Cumulative mortality of chinook salmon acclimated to 
15°C  and  18°C  and infected with  Enterocytozoon  salmonis reached 90%.  Those 
acclimated to 9°C had a total mortality of only 10%, but mortality increased to 60% 
when the fish were transferred to higher temperatures (Antonio and Hedrick, 1995). 
In addition, the incidence of red-sore disease (Aeromonas hydrophila) was associated 
with  elevated  water  temperatures  and  high  plasma  cortisol  concentrations  in 
largemouth bass (Micropterus salmoides) (Huizinga et aI.,  1979).  Finally, elevated 
water temperatures have contributed to increased susceptibility to columnaris disease 
(Flexibacter colwmzaris)  in  adult  sockeye salmon  in  the  Fraser River (Gilhousen, 
1990), and in  adult chinook salmon in  the Columbia River (Ordal and Pacha, 1963; 
Snieszko,  1964;  Fujihara and Nakatani,  1970;  McCullough,  1999).  Infection  with 
this bacterium has  led to high pre-spawning adult mortality and disease exposure to 
juveniles at rearing grounds. 
Effects of elevated temperature on salmonids in the Columbia River 
Unnatural elevations in water temperature are often found in upper reaches of 
the  Columbia  River  where  salmonid  spawning  and  rearing  grounds  are  located. 
These  temperature  conditions,  leading  to  disease  outbreaks,  especially  when  fish 
undergo  the  stress  of migration,  can  be  attributed  to  land  use  practices  such  as 
livestock  grazing,  timber  harvest,  irrigation  drainage,  road  construction,  and  the 7 
destruction of riparian vegetation (McCullough, 1999).  When combined with natural 
events, such as floods, these anthropogenic activities have led to channel widening, 
resulting in an increased width-to-depth ratio and a higher solar radiation input into 
the  system.  These conditions  have  also  caused an  increase  in  amplitude  of diel 
temperature fluctuation patterns by increasing the daily maximum temperatures and 
decreasing the daily thermal minima.  Reductions in canopy and riparian cover and 
wooded  habitat,  and  the  filling  of natural  pools,  due  to  sediment  erosion,  also 
contribute to alterations in the thermal regime (McCullough, 1999). 
Higher  temperatures  and  wider  temperature  fluctuations  have  negatively 
impacted the  reproductive  potential,  distribution,  and  survival  of chinook  salmon 
(McCullough,  1999).  Elevated water temperatures are known to  impact salmonids 
behaviorally, physiologically and bioenergetically at all  life stages (Fry,  1947; Brett, 
1952;  Crawshaw,  1977;  Hutchinson,  1979;  Barton  and  Schreck,  1987;  Armour, 
1991).  Some examples are  egg incubation  and emergence time,  growth,  predator 
avoidance, juvenile and adult migration, spawning, competition, feeding patterns and 
food conversion efficiency, scope for activity, basic metabolism and equilibrium, and 
the  ability  to  resist  disease,  which  can  all  be  influenced  by  ambient  temperature 
conditions.  Temperatures beyond critical limits may disrupt some of these activities 
and jeopardize the success of salmonid populations (Fry,  1947; Brett,  1952; Brett et 
aI.,  1982; Armour, 1991; McCullough, 1999). 
In addition to coping with temperature elevations, salmonids may be  further 
impaired by encountering other stressors such as  dam passages, channel diversions, 
changes  in  salinity,  low  dissolved  oxygen  levels,  alterations  in  pH  levels,  and 8 
encounters  with  toxic  substances  and  suspended  sediments  (Hutchinson,  1979; 
Armour, 1991).  Because the adverse effects of such environmental conditions may 
be  worsened  by  elevated temperature,  the  physiological  and behavioral  activities 
required for  survival in  all  life stages of salmonids may be further inhibited.  It is 
therefore not surprising that elevated temperature has  been  identified as  the  single 
most significant water quality factor limiting to  salmonid survival in  the Columbia 
River (McCullough, 1999). 
Susceptibility to infectious diseases in the Columbia River and its tributaries 
IS  of great  concern,  especially  when  fish  are  subjected  to  elevated  temperatures. 
Disease incidence can severely increase at temperatures sustained above  15°C.  At 
such temperatures, columnaris disease becomes increasingly virulent and has been a 
major problem for chinook and sockeye salmon populations (Fujihara and Nakatani, 
1970;  Fujihara  et  al.,  1971).  The  disease  can  be  passed  between  species  and  is 
especially contagious when fish pass through dam facilities.  Cuts, abrasions, and de­
scaling increase the risk of infection when adult migratory fish encounter screens and 
ladders (Fish,  1948).  Chinook salmon have also become susceptible to other warm 
water diseases,  such  as  Ceratomyxa  shasta,  as  temperatures  rise  in  the  Columbia 
River (Ratliff, 1981). 
Elevated temperatures not only enhance the activity of certain pathogens, but 
also  depress  immune  and  other  survival  mechanisms  in  fish.  For  example, 
temperatures above 21 °C  increase the  risk of infection  because bacteria can  more 
easily penetrate the mucus coating of skin and gills (Fish,  1948).  Infectious diseases 
can also reduce survival, even before infection becomes severe, by making fish more 9 
susceptible to predators and less able to  feed,  swim and defend territories normally 
(McCullough, 1999). 
The severity of infections and rate of salmonid survival may depend not only 
on the temperature regime, but also on the genetic make-up of the fish,  virulence of 
the pathogen, and other stressors or high-energy activities.  Adult Willamette River 
spring chinook salmon migrating past Willamette Falls at  21-25°C had a high pre­
spawning  mortality  rate  of  50-60%.  Elevated  temperature  and  high-energy 
expenditures from migration were probably the major contributors to disease related 
mortality  (Schreck et  a\.,  1994).  Fujihara et  a\.  (1971)  found  that  rainbow  trout 
exposed to elevated fluctuating temperatures of 17.7-21. 7°C in  the Columbia River, 
while crowded together into troughs, had a mortality rate as  high as 81 %.  Mortality 
in this experiment was attributed to columnaris infection. 
Large temperature fluctuations,  which may lead to  thermal shock,  have  had 
deleterious effects on basic metabolism and performance and on disease resistance in 
fish.  Gradual warming and cooling allows for partial acclimation, which can prevent 
thermal shock,  loss of equilibrium, and finally,  mortality (McCullough,  1999).  Too 
often. however, salmon  ids are exposed to  large temperature fluctuations in very little 
time.  For example, fish  stranding may occur when fish  are  cut off from  the  main 
stem  flow  and  isolated  in  shallow  areas  where  water  temperatures  begin  to  rise. 
When stranded fish  are  quickly reunited with  the  main stream,  they  may  undergo 
cold shock (Mesa and Weiland, 1999).  Fish stranding can be a consequence of large 
dam operations, irrigation, reduced wetland areas, and high drainage from road and 
culvert development.  Other instances  of thermal  shock may be  a result of power 10 
plant  heat  effluent  and  the  convergence  of  streams  at  different  temperatures 
(McCullough, 1999). 
The preferred temperature range for juvenile chinook salmon in the Columbia 
River is 12-14°C with an upper tolerance limit of 25°C (Brett, 1952).  This range can 
vary, however, between stages of ontogeny, acclimation history, and race (Armour, 
1991).  It has been recommended that an upper temperature standard of 15.6°C be set 
for  the  Columbia River during  peak summer seasons  (McCullough,  1999).  This 
standard is  based on the most sensitive life stages of chinook salmon (spawning and 
rearing)  and  on  the  temperature  at  which  scope  for  activity  and  growth  rate  are 
greatest.  Beyond this temperature, fish become increasingly susceptible to diseases, 
such as columnaris.  Because stream temperatures in the Columbia River Basin have 
been  recorded  well  above  this  standard,  it  has  been  suggested  that  temperature 
reductions in  stream headwaters should be  attempted via the restoration of riparian 
zones  (McCullough,  1999).  With  cooler waters  flowing  to  lower order streams, 
migrating salmon  ids and other species may also benefit from such mitigation plans. 
Significance of research and objectives 
There  is  a  general  understanding  of  the  immunosuppressive  effects  of 
elevated  corticosteroids  and  catecholamines  in  fish  due  to  stress.  There  is  also 
growing evidence of a significant influence of temperature on the immune response. 
Adverse temperature conditions in  the Columbia River and other northwest streams 
caused  by  human  interference  have  led  to  severe  salmonid  population  recovery 
problems.  Specifically,  prolonged  elevated  temperatures  and  large  temperature 11 
fluctuations,  which  can  instigate  thermal  shock,  are  largely  responsible  for 
augmenting disease susceptibility (Snieszko,  1974;  Gilhousen,  1990; McCullough, 
1999).  Because fish are so often exposed to stressful conditions, along with elevated 
water temperatures in natural and artificial environments, it is important to broaden 
our  understanding  of the  cumulative  effects  of both  conditions  on  the  immune 
system so that we can further evaluate the ability of salmonids to resist diseases.  It is 
necessary, therefore, to gain an  understanding of how temperature might modify the 
effects of stress on the specific and non-specific immune systems of  juvenile chinook 
salmon. 
The  primary  goal  of this  thesis  was  to  determine  how  stress  affects  the 
specific and non-specific immune systems in juvenile chinook salmon when the fish 
are acclimated to  a constant elevated temperature of 21°C, compared to  a constant 
optimum  temperature  of  l3
0 C.  Twenty-one  degrees  was  chosen  as  the  elevated 
experimental  temperature  at  which  the  fish  may  maintain  equilibrium  for  an 
extended  period  of  time  (pers.  comm.,  Hiram  Li,  Oregon  State  University, 
Department of Fisheries and Wildlife).  This temperature is just one degree below 
the  range  at  which  fish  have  become  limited  in  distribution,  as  they  seek  colder 
waters in  Columbia River streams (McCullough,  1999), and two degrees below the 
temperature at which fish  have been observed to cease feeding (Brett et aI.,  1982). 
A secondary goal of this thesis was to determine how the stress of wide fluctuations 
in  temperature  affect  the  non-specific  immune  system  by  simulating  a  condition 
which  may  have  previously  induced  thermal  shock  to  native  salmonids  in  the 12 
Columbia  River.  In  order  to  achieve  these  goals,  three  mam  objectives  were 
addressed: 
Objective 1 
To  determine  the  effects  of acclimation  temperature  on  the  influence  of 
stress on adaptive immunity by comparing the number of antibody producing 
cells  generated  in  stressed  and  non-stressed  juvenile  chinook  salmon 
acclimated to optimal and elevated temperatures. 
Objective 2 
To  determine  the  effects  of acclimation  temperature  on  the  influence  of 
stress on innate immunity by comparing plasma lysozyme concentrations and 
the  number of pronephric  leukocytes  in  stressed  and non-stressed juvenile 
chinook salmon acclimated to optimal and elevated temperatures. 
Objective 3 
To  determine  the  effects  of  extreme  temperature  fluctuation  on  innate 
immunity  by  comparing  lysozyme  concentrations  and  the  frequencies  of 
lymphocytes, thrombocytes, and neutrophils in wild juvenile chinook salmon 
during and following exposure to rapid temperature change. 
Review of objective 1: the specific immune system 
The specific, or adaptive immune system is  a complex system that requires 
exposure to an antigen in order to generate antibodies specific to that antigen and to 13 
elicit a memory response.  Briefly, the B cell is  responsible for producing specific 
antibodies to aid in the destruction of foreign antigens and requires assistance from T 
cells and chemical messengers, known as  cytokines.  The B cell antibody response 
also depends on  antigen presenting cells,  such  as  macrophages  and dendritic  cells 
for activation.  When Band T lymphocytes are stimulated by a specific antigen, they 
will  c10nally  proliferate and  become effector cells.  The B  cells  differentiate  into 
plasma  cells  and  produce  free  antibodies  containing  a  receptor  specific  to  that 
particular extracellular antigen.  Destruction of the antigen can be accomplished via 
three main mechanisms.  The antibody may neutralize a specific antigen by binding 
to it,  thus preventing it from infecting naive cells.  An antibody can also act as  an 
opsonin  by  coating  the  antigen  and  allowing  it  to  become  phagocytized  by 
granulocytes  and  macrophages.  Finally,  antibodies  may  activate  complement  to 
destroy an opsonized antigen.  (Janeway and Travers, 1997). 
The  hemolytic  plaque  assay,  developed  by  Jeme  and  Nordin  (1963), 
measures the number of B lymphocytes producing antibody in response to a specific 
antigen.  Lymphocytes taken from an  organ tissue, such as the spleen, are exposed to 
a specific  antigen  and incubated for approximately seven days  before coming into 
contact with sheep red blood cells (SRBC), previously coated with the same antigen. 
The  free  antibodies  produced  by  the  B  lymphocytes  bind  to  the  antigen-coated 
SRBC.  Complement  is  added,  which  recognizes  the  antibody/antigen  bound 
complexes on the SRBC, and lyses them causing small "holes", or plaques to form. 
Each antibody producing B lymphocyte continues to release antibodies which bind to 
the SRBC surrounding it.  The number of plaques, therefore, reflects the number of 14 
B  lymphocytes secreting specific  antibody,  and acts  as  a  tool  commonly used for 
gauging immunocompetence. 
Review of objectives 2 and 3: the non-specific immune system 
Lysozyme 
The non-specific immune system is very important in fish, because unlike the 
specific immune system, it becomes functional at an  early age so that eggs and fry 
are  protected from disease (Yousif et aI.,  1994).  The non-specific immune system 
provides innate and immediate protection from disease and does not rely on previous 
pathogen exposure, as  does the specific immune system.  The non-specific immune 
system  consists  of several  components  for  targeting  infection  such  as  lysozyme, 
phagocytes, complement, hemolytic activity, and transferrin  (Janeway and Travers, 
1994). 
Lysozyme was first discovered by Alexander Fleming when he  noticed that 
the bacteria he  was studying were destroyed after his nasal mucus dripped onto the 
experimental plate (Fleming and Allison,  1922).  Lysozyme is  a hydrolase enzyme 
which  breaks  down  the  ~-(1-4)  linkages  between  N-acetylmuramic  acid  and  N­
acetylglucosamine in  the peptidoglycan layer of bacterial cell  walls.  Unlike Gram 
negative  bacteria,  Gram  positive  bacteria are  most  sensitive  to  lysozyme  because 
they  lack  the  outer  membrane  covering  the  peptidoglycan  layer  (Balfry,  1997). 
Lysozyme is found in  major organs and secretions, such as  mucus, in  both humans 
and  animals.  Several  marine  and  freshwater  fish  species  produce  and distribute 
lysozyme  through  monocytes,  macrophages,  and  neutrophils  of the  non-specific 15 
Immune  system  (Murray  and  Fletcher,  1976).  Lysozyme  is  a  very  important 
component of the non-specific immune system in fish.  By lysing infectious bacteria, 
it  is  capable  of  preventing  and  fighting  infection,  in  conjunction  with  other 
components of the non-specific immune system. 
Lysozyme activity in  fish  has  been correlated with disease resistance.  An 
elevation in lysozyme concentration or activity, following exposure to a pathogen, is 
a typical first response of the non-specific immune system.  For example, lysozyme 
activity  increased  in  Atlantic  salmon  (Salrno  salar)  that  were  infected  with  V. 
anguillarurn  (Roeed  et  a!.,  1993).  Lysozyme  activity  also  increased  in  Atlantic 
salmon which survived infection from  one of three bacterial diseases,  including A. 
salmonicida, Renihacterill111 salmoninarul11, and V.  anguillarum (Lund et a!.,  1995). 
High  lysozyme  activity  in  response  to  pathogen  exposure  is  usually 
considered  a  sign  of a  healthy  immune  system  (Grinde,  1989;  Mock and  Peters, 
1990; Balfry,  1997).  When an  organism is stressed, however, this response may be 
altered or have  a different meaning.  In  terms of lysozyme  activity,  the  effects of 
stress and the implications of disease susceptibility have not yet been clearly defined, 
probably  because  they  are  highly  dependent  on  the  severity  and  duration  of a 
stressor, previous pathogen exposure, and the amount of time following the stressor 
until  lysozyme  is  measured.  For example,  Mock  and  Peters  (1990)  found  that 
plasma lysozyme activity increased significantly in two out of four trials in rainbow 
trout exposed to an acute handling stressor.  In fish previously exposed to a pathogen 
before receiving the stressor, however, lysozyme activity dropped significantly and 
remained depressed for up to 24 hours.  A similar reduction in lysozyme activity was 16 
found in rainbow trout exposed to a chronic transportation stressor (Mock and Peters, 
1990). 
Other studies  have indicated that  the  determination  of immunocompetence 
may  vary  according  to  the  conditions  in  which  lysozyme  responds  to  a  given 
stressor.  For instance,  serum  lysozyme increased in  response  to  a  30-75  minute 
confinement stress  and remained elevated for  up  to  1.5  hours  in  healthy  Atlantic 
salmon (Fevolden et al.,  1994).  This outcome was found in  conjunction with  low 
survival  in  Atlantic  salmon  after  disease  challenges  with  A.  salmonicida  and  R. 
salmoninarll1ll.  The  authors  concluded  that  the  immediate  increase  in  lysozyme 
following  stress  in  healthy  fish  is  an  indication  of  high  disease  susceptibility, 
compared to fish with a lower lysozyme response to stress.  This interpretation of the 
effects of stress  on  lysozyme  acti vity  was  opposed by Demers and Bayne (1997), 
who found a similar increase in  lysozyme activity in  rainbow trout, when sampled 
immediately following  an  acute  crowding stressor.  They suggested that  elevated 
lysozyme levels may be an adaptive response to the suppressive effects of cortisol on 
the  immune system.  These two different interpretations of the effects of stress on 
lysozyme support the need for additional  assessments of stress on  the  non-specific 
immune system. 
Other studies  have  demonstrated  lysozyme  dependence  on  temperature  in 
various species of fish.  For example, low water temperatures caused a decrease in 
lysozyme activity of plaice (Pleuronectes platessa) in  the wintertime (Fletcher and 
White,  1976).  Lysozyme in  grass carp (Ctenoplzaryngodoll  idelllls)  was  higher at 
20°C  and  28°C,  but  lower  at  lOoC  rearing  temperatures  (Chen  et  al.,  1996). 17 
Lysozyme  activity  was  also  higher  in  Atlantic  salmon  and  sea  trout  (S.  trutta) 
acclimated to elevated temperatures in the wintertime.  In terms of disease resistance, 
the  effects  of warm  or  cold  temperatures  completely  depend  on  the  preferred 
temperature of the fish, as well as the pathogen involved (Strange, 1980). 
Leukocytes 
Studies have demonstrated that elevated cortisol levels in fish, whether due to 
implantation,  feeding,  or  induced  by  stress,  caused a  reduction  in  the  number of 
lymphocytes,  as  well  as  the  total  number  of leukocytes  circulating  in  the  blood 
(Maule and Schreck, 1987; Pickering and Pottinger, 1989; Maule and Schreck, 1990; 
Espelid,  1996;  Schreck,  1996).  This  leukopenia may be  an  indication of immune 
suppression, since similar conditions have also been associated with a high incidence 
of mortality after exposure to  V.  angllillarum  (Maule  et  a!.,  1987;  Schreck et  aI., 
1989a;  Schreck,  1996).  Conversely.  it  has  also  been  suggested  that  cortisol  may 
actually  prevent  the  depressive  effects  of acute  stress  on  the  immune  system  by 
blocking  the  negative  effects  of  endogenous  catecholamines  or  other 
neurotransmitters on lymphocytic adhesion molecules, thus  maintaining the  number 
of leukocytes in circulation (Narnaware and Baker, 1996).  For example, the  number 
of circulating lymphocytes were reduced after injection with saline as a stressor, but 
remained the  same when cortisol was injected instead.  The authors explained that 
stress induced elevations in catecholamines and/or other neurotransmitters may alter 
cell  adhesion  molecules,  such  as  selectins  and  integrins,  causing  lymphocytes  to 
relocate  from  the  blood  to  the  tissues.  Injection  with cortisol  may  oppose  these 18 
effects by reducing cell adhesiveness, thus maintaining the number of lymphocytes 
in circulation (Namaware and Baker, 1996). 
The effects of stress on phagocytes and polymorphonuclear leukocytes may 
also  be reduced by cortisol  injection.  For instance,  a  reduction in  the  phagocytic 
activity of macrophages in  the  spleen  and head kidney of rainbow trout,  after an 
acute injection stressor with saline, was annulled when the fish were injected instead 
with cortisol (Namaware and Baker, 1996).  In this case, cortisol may have blocked 
the tendency of macrophages to move out of the tissues after stress, by compensating 
for the effects of catecholamines, such as adrenaline, on cell adhesion molecules.  As 
opposed  to  lymphocytes,  granulocytes  will  commonly increase  in  circulation  and 
decrease in  the  tissues after stress (Muona and Soivio,  1992; Dhabhar et  aI.,  1995; 
Namaware and  Baker,  1996).  As  is  true  with  antibody production and  lysozyme, 
stress effects on  lymphocytes  and  polymorphonucleocytes depend not  only on  the 
type and severity of stress, but also on the developmental stage of the fish and season 
(Muona and Soivio, 1992; Schreck, 1996). 
Determination  of  leukocyte  distribution  and  type,  e.g.  lymphocytes  and 
different  granulocytes,  can  also  be  important  for  assessing  the  effects  of 
environmental temperature on  immunity in  fish.  As  with  stress,  temperature  may 
affect the distribution of lymphocytes differently than certain granulocytes (Muon a 
and Soivio, 1992).  For example, it has been found that heat stress can augment the 
number  of  circulating  granulocytes  and  reduce  the  number  of  circulating 
lymphocytes,  indicating  the  retrafficking  of  these  leukocytes  out  of or  into  the 
tissues, respectively (Namaware and Baker,  1996).  Leukocyte adhesion molecules 19 
may,  therefore,  also  be  altered  when  elevations  In  temperature  are  encountered 
(Lodin et aI.,  1985; Namaware and Baker, 1996). 20 
Chapter I 
The Effects of Acute Handling Stress and Elevated Acclimation 
Temperature on the Immune System of Juvenile Chinook Salmon 
(Onco rhync hus tshawytsc  ha) 
Introduction 
The combined effects of acclimation temperature and stress on  the  immune 
system were examined, in  order to  broaden our understanding of these impacts on 
adaptive  and  innate  immunity  in  juvenile  chinook  salmon  (  Oncorhynchus 
tshawytscha).  Numerous  stressors,  including  elevated  water  temperature,  are 
commonly recurring conditions for salmonids found in  natural  and perturbed river 
systems and can lead to a poor immune response and high mortality.  Wagner et  al. 
(1997)  found  a  significant  increase  in  mortality  in  rainbow  trout  stressed  via 
crowding and transport, and exposed to  19-22°e water and a high pH.  Also, plasma 
cortisol  and  glucose  levels  in  juvenile  chinook  salmon  exposed  to  a  30  second 
handling stress rose more quickly in  fish  acclimated to 21°e than in  fish  acclimated 
to  12.5°e and 7.5°e (Barton and Schreck, 1987).  Glucose levels for fish acclimated 
to  21°e peaked  at  higher concentrations  when  exposed to  a  chronic  confinement 
stress.  These  fish  also  had  higher  mortality  rates  (Barton  and  Schreck,  1987). 
Similar results were found when channel catfish acclimated to lODe, 20oe, and 30
0 e 
were placed under a three day confinement stress.  Plasma cortisol and glucose levels 
rose faster and mortality rates were significantly higher in fish  acclimated to  20
0e 
and 30
0 e than lOoe (Strange, 1980). 21 
High  mortality  has  been  found  in  pre-spawmng  adult  sockeye  salmon 
carrying pathogens to rearing grounds in the Fraser River of British Columbia, due to 
outbreaks  of  columnaris  disease  during  extended  periods  of  warm  water 
temperatures.  These  adult  migrants  encountered  additional  stressors,  including 
suspended sediments and pulp mill effluent (Gilhousen,  1990).  The progression of 
this  disease  was  also  found  to  accelerate  in  the  laboratory  as  water  temperature 
increased from  12.2°C to 23.3°C, thus causing more rapid mortality in three species 
of salmonids (Holt et aI.,  1975). 
Fish  can  also  be  exposed  to  stressful  conditions  and  elevated  water 
temperatures in  artificial environments, which can lead to higher disease incidence. 
For example, fish being transported by truck can become more susceptible to disease 
as  they  are  exposed  to  higher  temperatures  and  stressful,  crowded  conditions 
(Schreck et a!.,  1989b).  Because of the known deleterious effects of stress and warm 
temperatures on disease susceptibility, it  is  important to determine why these effects 
may occur by examining several aspects of the immune system.  It  is  also important 
to  determine the  relationship between stress and elevated acclimation  temperature, 
and how together they may impact immune systems of salmonids. 
The  major objective  of this  research  was  to  determine  if elevated  III  vivo 
temperature  modifies  the  effects  of handling  and  crowding  stressors  on  specific 
and/or non-specific immune responses in juvenile chinook salmon.  The condition of 
the  non-specific  immune  system  was  evaluated  by  measuring  plasma  lysozyme 
concentrations  via  a  Iysoplate  turbidimetric  assay,  and  the  number of pronephric 
(head kidney)  leukocytes  via  hemacytometer.  The specific  immune response  was 22 
tested by measuring the ability of B lymphocytes to produce specific antibody via the 
hemolytic plaque assay. 
Methodology 
Experimental Fish and Sampling Procedures 
Yearling  spring  chinook  salmon  parr  were  maintained  at  Oregon  State 
University's  Fish  Performance  and  Genetics  Laboratory  in  a  total  of  12,  0.9-M 
circular tanks, with 2 Umin flow-through well water.  No physiological evidence of 
smolting was  detected in  these  fish.  Each  tank contained 40 fish,  each  weighing 
between  10  and  55  g,  which  were  randomly  assigned  to  a  water  temperature 
treatment of either  13°C  (ambient well  water temperature) or 21°C.  Fish  at  each 
acclimation  temperature  were  either subjected  to  a  handling  stressor or were  not 
stressed (controls).  These experimental conditions  were  triplicated with  replicates 
sampled  three  days  apart,  allowing  sufficient  time  for  the  sampling  scheme. 
Treatments were  assigned randomly to  tanks  in  a block design  to account for  any 
potential tank effects. 
Fish were slowly acclimated from  l3°C to  21°C by temperature increases of 
2°C per day,  for  four days.  An  electronic thermometer was  kept in  one tank  per 
temperature  treatment  and  temperatures  were  recorded  every  10  minutes. 
Temperatures were maintained throughout the  experiment, except for a two degree 
drop  for  two  hours  in  the  21 °C  tanks  two  days  before  sampling.  All  fish  were 
maintained  in  their  experimental  tanks  for  a  total  of three  weeks.  Preliminary 
experiments  determined  that  fish  were  acclimated  to  their new  temperatures  and 23 
tanks after two weeks.  These experiments examined time to temperature acclimation 
and are described in Appendix I. 
All fish were fed a standardized ration of Oregon Moist Pellet twice daily.  In 
order to  standardize the  amount of food  required for energy consumption  at  each 
temperature,  food  quantities  offered  were  set  according  to  the  feeding  guide 
recommendations from the food manufacturer (BioDiet).  Fish acclimated to  21°C 
received approximately 3.1 % of their body weight each day, while fish acclimated to 
13°C  received  2.3%.  These  temperature  dependent  feeding  rations  were  also 
consistent with the recommendations by Brett and Groves (1979) in their description 
of physiological energetics.  Finally, all  fish  were pre-conditioned to the presence of 
a dip net by s\virling a net inside their tanks prior to each feeding.  This procedure 
helped to reduce the amount of chasing during capture of the fish at sampling time. 
Before sampling began on November 4, 1998, fish in  three of the six tanks at 
13°C and three of the six tanks at 21°C received a stress treatment, while fish  in  the 
other tanks served as controls.  The treatment consisted of rapidly removing the fish 
from  the  tank with a dip net and placing them into  a  perforated bucket suspended 
inside of the tank.  Once all of the fish  were moved, the bucket was lifted out of the 
tank and the fish  were held in  the air for 30 seconds.  The bucket was  then  placed 
back into the tank and the fish  were crowded in 2 L  of water for  15  minutes, after 
which the fish  were  liberated back into their respective tanks.  This procedure was 
tested in a preliminary experiment and compared to other procedures to establish the 
method producing the  greatest stress response;  it  was determined that  this  stressor 
results in a significant, positive cortisol response (p < 0.05).  Six fish  per tank were 24 
then  sampled  30  minutes,  4  hours  and  24  hours,  after  the  time  that  the  stress 
treatment began.  Sampling times were chosen according to peak stress and immune 
responses found in the literature (Maule et al.,  1989; Demers and Bayne, 1997).  The 
fish  were rapidly removed with  a dip net and immediately killed by an  anesthetic 
overdose of buffered tricaine methanesulfanate (MS222) at 200 mglL.  Each fish was 
measured and weighed prior to blood and tissue sampling. 
Blood samples  were  taken  by  severing the  caudal  peduncle  and collecting 
blood into ethylene diamine tetraacetic acid (EDT  A) coated capillary tubes.  Plasma 
was extracted and stored at -80°C for cortisol, glucose, and lysozyme analyses.  The 
head kidneys  of fish  from  the  4  hour  and  24  hour sampling times  were  removed 
under sterile conditions and placed into individual tubes containing 500 III of tissue 
culture medium (TCM).  The head kidney of each fish  was carefully distinguished 
from  the  mid-section  of the  kidney  according  to  where  it  changes in  shape.  The 
TCM consisted of 10%  fetal  bovine serum,  1  % L-glutamine, and 0.1 % gentamicin 
sulfate in RPMI 1640.  A single cell suspension was  made by gently aspirating the 
tissue  and  the  medium  with  a  sterile  1.0  cc  syringe.  Ten  III of supernatant  was 
transferred to a hemacytometer and leukocytes from each head kidney were counted. 
The number of leukocytes per head kidney were standardized by adding or removing 
the  proper amount  of TCM for  the  number of cells  counted in  each  sample.  A 
hemolytic  plaque  assay  was  then  conducted to  determine  the number of antibody 
producing cells (APC). 25 
Assays 
To  assess  stress,  cortisol  levels  were  determined  by  the  3H 
radioimmunoassay of Foster and Dunn (1974),  modified by Redding et a1.  (1984). 
Glucose levels  were determined by the  colorimetric procedure of Wedemeyer and 
Yasutake (1989). 
As  a  measure  of the  status  of the  non-specific  immune  system,  plasma 
lysozyme  concentrations  were  determined  via  the  lysozyme  turbidimetric  assay 
according to Litwack (1955), modified by Sankaran and Gumani (1972).  Briefly, 10 
/-ll  per well of either varying concentrations of hen egg white lysozyme (HEWL) or 
diluted  plasm:l  s:lmples  were  :lloquotted  in  triplic:lte  into  a  96  well  plate.  A 
Micrococclls lysodeikticlls suspension was  m:lde  at  0.025%  w/v  in  0.02 M  acetate 
buffer at  a  pH of 5.5.  Using:l multi-ch:lnnel  pipettor,  250  /-ll  of the  well  mixed 
MicrococcllS  lysodeikticllS  suspension  was  :ldded  to  the  well  plate.  mixed  for 
approximately 10 seconds, and read in a spectrophotometer with :l Aof 450 nm.  The 
standard  curve  for  this  assay  was  based  on  the  mean  absorbance  for  each 
concentration of (HEWL), with a range of 3-15 /-lg/ml.  Due to the high sensitivity of 
this assay, plasma samples were diluted 15  fold with Sorensen's phosphate buffer at 
a  pH of 6.2.  Lysozyme  concentrations  were  determined  by  measurement of the 
change  in  light  absorbance  when  the  Micrococclls  lysodeikticlls  suspensIOn  was 
lysed by plasma lysozyme after 20 minutes. 
A  preliminary  experiment  was  conducted  to  determine  if  lysozyme 
concentrations  in  fish  acclimated to  different  temperatures  were  dependent on  the 26 
assay  temperature,  and  if the  assay  temperature  used  must  be  the  same  for  all 
treatments.  Briefly, lysozyme concentrations at each acclimation temperature were 
compared  at  12°C,  22°C  (room  temperature),  and  37°C  assay  temperatures. 
Lysozyme was more active at 37°C and less active at  12°C in samples taken from 
fish  at  both acclimation  temperatures.  Differences  between  in  vivo  temperatures 
were proportionally the same among all three in  vitro temperatures (p values> 0.1). 
All  lysozyme  assays  were  therefore  run  at  room  temperature.  Also,  in  order to 
ensure that the  sampling process did not affect lysozyme concentrations in  control 
fish,  another preliminary experiment was run;  results indicated that our method of 
fish capture had no effect on lysozyme (p > 0.1).  Basically, fish netted as described 
above were compared to those for which a final  lethal dose of 200 mg/L of buffered 
MS222 was  infused directly  into  their  tanks  without disturbance,  allowing  for  the 
sampling of euthanized fish within 50 seconds (see Appendix II). 
As a measurement of the specific immune system. the hemolytic plaque assay 
was  employed  as  described  by  Tripp et  al.  (1987)  and  modified  by  Slater et  al. 
(1995).  Antibody  production  was  determined  by  the  number  of  APC  per 
leukocytes  in  tissue  culture.  An  analysis  was  also conducted  to  determine  if the 
number of APC was dependent on fish size (see Chapter III).  As a part of the plaque 
assay  procedure,  leukocytes  from  the  head  kidney  were  counted  and  compared 
among treatments.  Because of the  large range of fish  size (10-55 g).  fish  weight at 
sampling  time  was  also  included  as  a  covariate  in  the  analyses  of pronephric 
leukocyte numbers. 
10
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Statistical Analyses 
Data from all assays were analyzed using the General Linear Models 2-way 
analysis of variance (ANOYA).  The appropriate transformation was  used in  each 
analysis in order to meet statistical assumptions.  Glucose, lysozyme, and white cell 
data were  transformed to  the  log scale and all  APC data  were  transformed to  the 
square root scale.  Different cortisol transformations between sampling times were 
necessary in order to best meet model assumptions; therefore, 30 minute cortisol data 
were analyzed on the normal scale, 4 hour data were transformed to  the inverse of 
the  square root scale, and 24 hour data were transformed to  the  inverse scale.  All 
transformations were back transformed to the original scale when stating results. 
Least  square  means  data  were  collected  to  examine  pairwise  comparisons 
between treatments.  Significant treatment effects were recognized at  p values less 
than  0.05,  while  suggestive  but  inconclusive  evidence  of treatment  effects  were 
considered at p values between 0.05 and 0.1.  Non-significant treatment effects were 
identified at  p  values greater than 0.1.  The data were also examined for covariate 
effects  of fish  size,  which  were  included  in  the  models of analysis  of covariance 
(ANCOY  A) when necessary. 
Data  for  each  treatment  were  collected  in  triplicate  and  sampled  in  three 
different  "runs".  Preliminary  analyses  were  tested  for  run  effects  so  that  all  data 
within  each  treatment  could  be  pooled  for  a  sample  size  of  18  fish.  With  the 
exception of the 30 minute cortisol data,  all  data were pooled.  Significant run-by­
temperature  and run-by-stress  effects  were  found  to  be  a  result  of higher cortisol 
levels in  controls of the  third run  at  30 minutes post stress and at  l3°C.  Because 28 
there was no explanation for this outcome in the experiment, and because these data 
affected  the  overall  results,  the  data were  analyzed  with  the  mean  value  of each 
separate  run.  The sample size  allowed in  this  analysis  was  therefore  three  runs, 
rather than 18 fish. 
Results 
Cortisol  levels  in  stressed  fish  were  significantly  higher  than  controls  30 
minutes (p  < 0.05) and 4  hours  (p < 0.05) post stress, but not 24 hours  (p  >  0.1) 
following stress.  An unexplained significant weight effect was found at 4 hours (p < 
0.05) and was  included as  a  covariate in  the  model.  Significantly higher cortisol 
levels were also found in  fish  acclimated to  21 °C than  l3°C 4 hours (p < 0.05) and 
24  hours  after  stress  (p  <  0.05),  however,  significant  temperature  by  stress 
interactions were not found at these sampling times.  Cortisol levels in  stressed fish 
acclimated  to  21°C  were  also  signi ficantly  higher  than  those  of  stressed  fish 
acclimated to  l3°C,  30 minutes  after the  stressor (p  < 0.05),  but  no  temperature 
effects  were  found  in  controls.  This  result  suggests  possible  evidence  of  a 
temperature and stress interaction (p = 0.1) after 30 minutes (Fig 1.1 a). 
Despite the large variance, due to a small sample size of only three averaged 
tank values required for analysis by a positive run effect at 30 minutes, mean cortisol 
levels in  stressed fish  were five times higher than in  controls for fish  acclimated to 
l3
0 e.  Additionally, for fish acclimated to 21°C, cortisol levels were seven times --
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Figure 1.1  (a) Mean concentrations of plasma cortisol with 95% confidence intervals 
at various times following a handling stressor in fish  acclimated to  l3°C or 21 °C (n 
=18  fish) . *p < 0.05  represents significant differences in  stressed fish  compared to 
respective  controls  for  each  temperature.  Different  letters  represent  significant 
differences  between  temperature  treatments  of stressed fish.  (b)  Time to  recovery 
from  stress according to  cortisol  data.  Peak levels  occurred after 30 minutes and 
recovery was complete by 24 hours. 30 
higher in stressed fish than in controls.  After 4 hours, cortisol levels in stressed fish 
acclimated  to  13°C  had  dropped  from  102  nglml  to  7.1  nglml,  but  were  still 
significantly  higher than  controls  (4.5  nglml)  (p  < 0.05).  Likewise,  cortisol  had 
decreased from  a  mean of 139 ng/ml  to  20.2 nglml  in  stressed fish  acclimated to 
21°C, but also remained significantly higher than in controls (13.7 nglml) (p < 0.05). 
By 24 hours, no differences were found between controls and stressed fish  at  either 
acclimation temperature, indicating recovery from stress by 24 hours (Fig. 1.1 b). 
Plasma  glucose  responded  to  stress  and  temperature  similarly  to  cortisol. 
Glucose levels were significantly higher in stressed fish than controls at 30 minutes 
(p < 0.05) and 4  hours (p < 0.05) following the stress treatment, but no differences 
were found at  24 hours (p > 0.1).  Evidence suggcsti ve  of higher glucose levels was 
found in  fish  acclimated to 21°C compared [0 13°C in stressed fish after 30 minutes 
(p = .06).  ANCOVA  revealed that glucose levels were also significantly higher in 
fish  acclimated  to  21°C  than  13°C  4  hours  (p  < 0.05)  and  24  hours  (p  < 0.05) 
following  the  stressor,  after  accounting  for  fish  weight  (Fig.  1.2a).  Significant 
interactions between stress and temperature were not found at  any of the  sampling 
times (p > 0.1). 
Time to  recovery, according to  glucose levels, differed from cortisol in  that 
there  was  no evidence of recovery 4  hours after stress.  Rather,  glucose  levels  in 
stressed fish  at 4 hours rose to  a peak of 102 mgldl at  13°C and 144 mg/dl at  21°C. 
Cortisol levels in stressed fish peaked sooner than glucose and had begun to recover 
by 4 hours, while recovery from stress, according to glucose, did not begin until after 
4 hours (Fig. 1.2b). 31 
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Figure 1.2  (a) Mean concentrations of plasma glucose with 95% confidence intervals 
at various times following a handling stressor in fish acclimated to 13°C or 21°C (n 
=18 fish).  *p < 0.05  represents significant differences in stressed fish compared to 
respecti ve  controls  for  each  temperature.  Different  letters  represent  significant 
differences between temperature treatments of stressed fish.  (b)  Time to  recovery 
from  stress  according  to  glucose  data.  Peak  levels  occurred  after  4  hours  and 
recovery was complete by 24 hours. 
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Lysozyme concentrations 30 minutes, 4  hours,  and  24 hours  following  the 
time  of stress  were  significantly  higher  in  fish  acclimated  to  21°C  than  in  fish 
acclimated to 13°C (p < 0.05 for all three sampling times).  There were no significant 
differences in  lysozyme concentrations between controls and stressed fish  at either 
acclimation temperature, nor at  any sampling time  (p > O.l,  all  values).  Also,  no 
significant  interactions  between  temperature  and  stress  were  found  (p  >  0.1,  all 
values) (Fig. 1.3). 
After  accounting  for  fish  weight,  there  was  suggestive,  but  inconclusive 
evidence of a  lower number of APe in  fish  acclimated to  13°C than 21°C 4  hours 
after sampling (p = .07), and no significant differences in APe were found between 
temperatures  24  hours  after  sampling  (p  > 0.1).  Significant differences  in  APe 
between controls and stressed fish  were not found at either sampling time (p > 0.1), 
nor were there any significant stress and temperature interactions (p > 0.1) (Fig. 1.4). 
Due to difficulties with the plaque assay procedure during the run 3, 24 hour sample, 
plaques became faded and illegible, and were therefore removed from the  analysis. 
Thus.  the  24 hour plaque analysis was  based on  runs  1 and 2  only,  allowing for  a 
sample size of only 12 fish. 
After accounting for fish  weight,  there  was a significantly higher number of 
pronephric leukocytes in fish  acclimated to  l3°C than in  fish  acclimated to  21°C at 
both  the  4  and  24 hour  sampling  times  (p  < 0.05).  No  differences  in  leukocyte 
counts were found between stress and control fish at 4 hours (p > O.l); however there 
was inconclusive evidence of a stress effect at 24 hours (p =0.1), after accounting 33 
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Figure  1.3  Mean  lysozyme  concentrations  (l-tg/ml  HEWL)  with  95%  confidence 
intervals at various times following a handling stressor in fish acclimated to l3°C or 
21 °C (n  = 18  fish).  No differences were found between stressed fish  and controls. 
Lysozyme concentrations were significantly higher in  fish  acclimated to  21°C than 
fish acclimated to l3°C (p < 0.05).  Different letters represent significant differences 
between treatments. 34 
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Figure 1.4  Mean number of antibody producing cells (APe per 10
6 leukocytes) with 
95% confidence intervals in  fish acclimated to  13°C or 21°C, 4 and 24 hours after a 
handling stressor (n = 18  fish).  No significant differences between treatments were 
found (p values> 0.1). 35 
for  fish  weight  (Fig.  I.5a).  Interactions  between  temperature  and stress  were  not 
found  at  either  sampling  time  (p  > 0.1).  Fish  weight  was  highly  significant  in 
determining  effects  on  pronephric  white  cells  and  was  therefore  included in  the 
anal ysis as a covariate (Fig. I.5b). 
Discussion 
Cortisol and glucose 
Fish were clearly stressed by 30 minutes after the initiation of the stressor as 
indicated by cortisol and glucose concentrations.  The fish recovered physiologically 
somewhere between 4 and 24 hours thereafter.  Differences in  peak response times 
between fish  acclimated to each temperature were  not detected in  this experiment, 
probably because of the limited number of sampling times. 
There  appears  to  have  been  a  significant  temperature  effect  on  the  stress 
response.  Cortisol  levels  were  significantly  higher in  stressed  fish  acclimated  to 
21°C than fish  acclimated to  l3°C at all  3 sampling times.  This result is  in  contrast 
to  Barton  and  Schreck  (1987)  who  did  not  find  differences  in  maximum cortisol 
levels,  but found  a more  rapid elevation in  cortisol  concentrations in  stressed fish 
acclimated to  21°C than  those acclimated to  12.5°C or 7.5°C.  This discrepancy in 
results  could  be  explained  by  differing  severities  of stress  treatment  or different 
sampling times. 
Higher glucose levels were also found in fish  acclimated to 21°C than those 
acclimated to  l3°C, although they were not significant at  the  30 minute sampling 
time, possibly attributable to the high variance exhibited by controls.  Glucose levels 36 
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Figure I.5  (a) Mean number of leukocytes in  the  head kidney with 95 % confidence 
intervals 4 and 24 hours after stress in fish acclimated to  l3°C or 21°C (n =18 fish). 
No differences  were found between stressed fish  and controls,  however,  white cell 
counts in  fish  acclimated to  l3°C were significantly higher than fish  acclimated to 
21°C  (p  <  0.05).  Different  letters  represent  significant  differences  between 
treatments.  (b)  A  linear  trend  showing  the  number  of pro  nephric  leukocytes 
increasing with the weight of the fish at 4 and 24 hours. 37 
were  significantly  higher,  however,  after  4  and  24  hours,  in  both  controls  and 
stressed fish at 21°C.  These results are consistent with those  found by Barton and 
Schreck (1987).  Although glucose levels in the  21 °C acclimated, control fish at 30 
minutes were significantly different than controls at 4 and 24 hours (p < 0.05), these 
levels  were not different than glucose  levels in  the  21°C acclimated,  stressed fish, 
after 24 hours.  This result not only indicates recovery by 24 hours, but could imply 
that 21 °C controls at 4 and 24 hours may have been stressed, possibly caused by the 
cumubtive stress effects of previous samplings; this explanation is  only speculative 
however. since the outcome was not detected in the cortisol results. 
The overall cortisol and glucose results have validated the  fact that the stress 
treatment applied to the  fish  was successful in  producing a stress response, and that 
an  elevated ill vim temperature of 21°C significantly augments the  stress response. 
The high cortisol and glucose levels in  fish acclimated to 21 °C may be an  indication 
of high  metabolism  and  a  faster  clearance  rate  of corticosteroids,  as  suggested in 
previous studies (Strange et aI.,  1977; Barton and Schreck, 1987). 
Lysozyme 
The combination of stress  and elevated acclimation temperature  apparently 
does  not  have  an  additive  effect  on  lysozyme  concentrations  in  juvenile  chinook 
salmon.  The lack of a stress response in  lysozyme concentrations in  this experiment 
does  not  suggest either  an  immune enhancement or suppression.  Results  in  this 
study  are  consistent  with  findings  by  Mock  and  Peters  (1990)  when  testing  the 
effects of acute stress on plasma lysozyme in  healthy fish.  It is,  of course, possible 38 
that a  stress  effect on  lysozyme occurred before sampling and was,  therefore,  not 
detected. 
The positive effect of elevated temperature  on  lysozyme concentrations in 
this experiment was not dependent on sampling time and results support those found 
in  other studies (Muona and Soivio,  1992; Balfry,  1997).  The elevated lysozyme 
concentrations, as  a result of acclimation to  warm water, could be  an  indication of 
increased  disease  susceptibility  In  salmonids,  since  high  mortality  has  been 
associated  with  these  conditions  In  chinook  salmon  exposed  to  disease  (Balfry, 
1997).  Evidence  of augmented  disease  susceptibility  in  salmonids  acclimated  to 
warm temperatures could be,  however, a reduced response of other immune factors 
or  an  enhanced  response  of pathogens  to  high  temperature,  rather  than  a  direct 
influence of elevated lysozyme activity. 
Antibody production and leukocyte counts 
Significant effects of elevated temperature and stress on the specific immune 
response as measured by the number of APC were not detected in this study.  Studies 
have concluded that stress causes a depression in  the number of APC (Tripp et a!., 
1987;  Maule  et  ai.,  1989).  Large  variance  in  our  experiment  may  be  partly 
responsible for  an  undetectable stress  response.  (Problems  with  faded or smeared 
plaques in some of the samples, or unforeseen differences between assays may have 
contributed to  such large variance).  The large variance in  the 24 hour sample was 
likely  due  to  the  small  sample  size,  when  run  three  data were  omitted from  the 
analysis to avoid known bias.  Significant differences in the number of APC between 39 
acclimation  temperatures  were  not  detected,  possibly  also  due  to  high  vanance. 
Although  cold  water  temperature  has  been  documented  as  being  suppressive  to 
lymphocytes in some fish,  (Clem et a!.,  1984; Bly and Clem, 1992), little work has 
been done to examine the effects of warm ill vivo temperatures on APC in salmonids. 
As  a  part  of the  plaque  assay  procedure,  the  total  number of pronephric 
leukocytes were compared among the treatments for a further analysis of the effects 
of elevated temperature and stress on the immune system.  Head kidney white cell 
numbers were inversely related to temperature and like lysozyme concentrations, no 
differences were detected between stressed fish and controls.  Other studies have also 
reported that leukocytes from the anterior kidney did not respond to stress or ill vitro 
cortisol, although alterations in  the number of leukocytes were detected in the spleen 
and in circulation  (Maule et a!., 1987; Schreck, 1996). 
The  suppressive  effect  of elevated  acclimation  temperature  on  pronephric 
leukocytes  may indicate  an  alteration  in  cell  adhesiveness,  as  described  by  other 
studies (Lodin et a!.,  1985; Namaware and Baker, 1996).  For example, Lodin et a!. 
(1985) observed a distinct inhibition of cellular adhesion in  mice embryo brain cells 
that were pre-incubated in a phosphate buffered saline solution at a high temperature 
of 53°C for 3-20 minutes.  If  in our study, elevated temperature reduced the amount 
of leukocyte adhesion molecules in  the fish,  the  leukocytes may have been released 
from the head kidney and traveled into circulation before sampling.  This hypothesis 
is consistent with results from Muona and Soivio (1992), who found higher numbers 
of circulating white blood cells in Atlantic salmon and sea trout acclimated to warm 
temperatures, compared to cold winter temperatures.  Apoptosis could also account 40 
for  the  reduction  of  pronephric  leukocytes  in  fish  at  21°C  in  our  experiment. 
Because we did not differentiate between leukocyte types and did not examine the 
number of leukocytes in other tissues or in circulation, we are unable to determine an 
exact state of immunity in response to elevated temperature solely from these data. 41 
Chapter II 
The Effects of Rapid Temperature Change on the Non-specific Immune 
System of Wild Juvenile Chinook Salmon 
Introduction 
Fish  living  in  environments  where  they  may  encounter  large  or  rapid 
temperature oscillations are  vulnerable to  thermal  shock and  must physiologically 
adapt to  this  stressor,  in  order to  survive  and reclaim homeostasis.  Studies  have 
demonstrated  that  extreme  temperature  conditions  will  initiate  a  primary  stress 
response including elevations in  cortisol,  glucose,  and catecholamines  (Mazaud et 
aI.,  1977;  Strange et aI.,  1977; Thomas et  aI.,  1986).  For example, juvenile coho 
salmon subjected to  a continuous 6-20°C diel temperature cycle in  the  laboratory in 
order to simulate conditions observed in  a clear-cut southeastern Alaskan forest had 
elevated levels of plasma cortisol and glucose, indicating that they were chronically 
stressed.  Fish  exposed  to  naITOWer,  more  tolerable  temperature  fluctuations  and 
those  maintained  at  a  cool,  constant  temperature  did  not  demonstrate  a  stress 
response (Thomas et al., 1986). 
Most  fish  are  able  to  adapt  to  mInor  diel  and  seasonal  temperature 
fluctuations,  provided they  have  sufficient time  to  do  so.  Coastal  cutthroat  trout 
responded better physiologically to  a fluctuating temperature within their tolerance 
range than to a constant, elevated temperature (Strange et al.,  1977).  For the benefit 
of growth  and survival,  some fish  may choose to  migrate  vertically into different 
temperature zones, especially when motivated by the distribution of food (Hokanson 42 
et a!.,  1977).  If  subjected to extreme temperature changes too quickly, however, the 
central nervous system may not be able to respond in enough time to  adapt to the 
potential deleterious effects of the primary stress response.  Some of the secondary 
stress  responses  include  an  increase  in  respiration,  followed  by  electrolyte 
imbalance,  acid/base  imbalance,  and  possible  immunosuppression  (Crawshaw, 
1977). 
The  effects  of  fluctuating  temperature  on  the  immune  system  in  fish  is 
probably not a major concern as a direct cause of mortality.  Mortality is more likely 
to  occur  from  a  physiological  breakdown,  as  a  more  immediate  response  to  a 
stressor, before a suppressed immune system could lead to  a fatal  infection.  If the 
central  nervous  system  can  compensate  for  the  immediate  physiological  effects, 
however,  the  long  term  effects  of  rapid  temperature  change  may  have  a  more 
significant  influence  on  the  immune  response.  In  the  presence of pathogens,  the 
effects of widely fluctuating temperatures commonly lead to outbreaks of viral  and 
bacterial  infections  in  fish  (Snieszko,  1974).  For instance,  an  abrupt  temperature 
change from  12-25°C in  carp inoculated with AeromOllas  iiqllejaciens led to  90% 
mortality, unlike those acclimated to a constant 25°C, where there was essentially no 
mortality (Avtalion, 1981).  The effects of thermal shock on the immune system have 
also  been  demonstrated  in  channel  catfish  acclimated  to  noc and  exposed  to  a 
reduction in  temperature to  11°C over 24 hours.  This stressor led to the complete 
inhibition of Band T  cell  mitogen  responses  and  mixed  leukocyte  reactions  and 
antibody production in the presence of a specific antigen (Bly and Clem, 1991). 43 
The  Hanford  Reach  of  the  Columbia  River  supports  a  large  natural 
population of juvenile chinook salmon.  Recently, concerns have  arisen  about the 
possible consequences of large river level fluctuations as  a result of power peaking 
operations at hydroelectric facilities.  Salmon have become stranded from the main 
stem  flow  and  have  been  exposed to  elevated  temperatures  when  waters  receded 
rapidly, potentially causing heat stress.  When water levels rise, the fish  are then in 
jeopardy of experiencing cold shock when reunited with the river, as it reintroduces 
them to cold water (Mesa and Weiland, 1999).  One of the main concerns about this 
situation  at  Hanford Reach  is  the  possibility that  thermal  stress  will  have  adverse 
effects on these fish  both behaviorally and physiologically.  Specifically, the effects 
of  thermal  shock  may  reduce  performance  capacity,  thus  making  fish  more 
susceptible to  predation.  Furthermore, these conditions may induce stress responses 
that alter metabolism and affect fish physiologically and immunologically (Mesa and 
Weiland, 1999).  Considering the fragile state of the declining salmonid populations 
in  the Columbia River, information on the effects of such temperature conditions at 
Hanford Reach may contribute to the planning of mitigation procedures. 
Currently,  little  information  exists  on  the  effects  of extreme  temperature 
changes  on  the  non-specific  immune  systems  in  salmonids.  Although  there  is 
physiological  evidence  that  supp0l1s  the  occurrence  of immunosuppression  as  a 
secondary stress response (Mazaud et aI.,  1977), it  is  not yet clear how or to  what 
extent thermal shock may alter the risk of infection, which can ultimately determine 
survival.  To begin  answering some of these  questions,  we  explored the  potential 
effects of thermal stress on the non-specific immune systems of wild Hanford Reach 44 
juvenile  chinook salmon.  Specifically,  it  was  intended  to  determine  if a  steady 
temperature  increase  from  12°C  to  26°C  over  seven  hours,  followed  by  a 
temperature  reduction  to  12°C  over  one  hour,  affects  the  non-specific  immune 
systems of these fish in a way that controls held at a constant, preferred temperature 
of 12°C do not experience.  These extreme temperature changes reflect the condition 
at Hanford Reach of the Columbia River and were simulated in the laboratory.  The 
main objective of this experiment was to  determine the effects of thermal stress on 
lysozyme concentrations and lymphocyte, thrombocyte, and neutrophil frequencies 
during and following the temperature stressor, as described above. 
Methodology 
Experimental Fish and Sampling Procedures 
Wild juvenile fall  chinook salmon  were captured at  Hanford Reach  with  a 
seine net and transported to the Columbia River Research Laboratory of the U.S.G.S. 
Biological  Resources  Division  in  Cook,  W A,  where  they  were  stocked  in  l.S-M 
outdoor circular tanks with constantly flowing river water.  Four O.S-M  tanks were 
set up  with ambient flow-through water at 3 Umin.  The tanks were maintained at a 
constant temperature of 12°C-- the  same  temperature  found  at  Hanford Reach  in 
undisturbed conditions.  Two tanks were for temperature treatments and two were for 
controls.  Fish weighing between seven and 20 g were selected from the stock tank 
and randomly assigned to experimental tanks.  Each tank contained 40 fish that were 
allowed nine  days  to  acclimate  to  their new  environments.  The fish  were  fed  to 
satiation (approximately 2-3% of their average body weight)  two times daily with 45 
BioDiet's  Oregon  Moist  Pellet.  The  fish  were  fasted  for  two  days  before  the 
experiment began. 
Before sampling began on October 12,  1999 the cold water flowing into each 
treatment tank was reduced to 1 Umin.  A heater connected to additional hose lines, 
which carried warm water into the two treatment tanks, was turned on, while the two 
control  tanks  remained  at  12°C  and  at  3  Llmin  throughout  the  experiment.  The 
warm water flowed into each treatment tank at 2 Llmin, for a total water flow of 3 
Llmin.  The temperature in  each  treatment tank was elevated 1°C every half hour 
until  a  maximum  of 26°C  was  reached.  Once  the  maximum  temperature  was 
reached,  the  heater was turned off and  the  warm water lines  were flushed out and 
replaced with cold water at 6°C, also flowing at 2 Llmin.  This cooling process was 
intended to reduce the water temperature in  each treatment tank back to the ambient 
12°C  in  one  hour.  Temperatures  were  monitored  continuously  in  each  tank  and 
logged with mini data loggers known as "tidbits" (Onset Data Corp). 
Five fish  per duplicate tank \vere sampled at 0,  3,  7,  8,  10, 24, and 72  hours 
after the heaters were turned on, for a total sample size of 10 fish per treatment time. 
Controls  were  also  sampled at  each  time  point.  Sampling times  were  chosen  to 
observe possible treatment effects during and after major temperature shifts  in  the 
following  arrangement:  ambient  acclimation  temperature  at  12°C  (time ° hr); 
midway to the maximum temperature at  18°C (time 3 hr);  maximum temperature at 
26°C (time 7 hr); drop to ambient temperature at  12°C one hour after the maximum 46 
temperature peak (time 8 hr); and post temperature fluctuation at  12°C (times 10 hr, 
24 hr, and 72 hr). 
The  fish  were  removed  with  a  dip  net  at  each  sampling  period  and 
immediately  immersed  into  a  bucket  containing  a  lethal  dose  of  200  mgIL  of 
buffered MS222.  Once expired, the fish were measured and weighed, and blood was 
collected by severing the  caudal  peduncle.  The blood was  collected into EDTA 
coated capillary tubes, transferred into microcentrifuge tubes, and temporarily placed 
on  Ice.  Following  centrifugation,  plasma  was  extracted  from  each  tube  and 
individually  stored  in  liquid  nitrogen  until  transported  back  to  Oregon  State 
University for lysozyme analysis. 
A blood smear was made for each fish and stained using the Hema 3 stain set 
(Fisher Scientific).  These stain assemblies are similar to the Wright-Giemsa stains. 
Briefly, each slide was held in  the methanol fixative solution for 30 seconds, placed 
into  the  red  stain  for  10  seconds,  and  placed into  the  blue  stain  for  40  seconds. 
Preliminary trials determined that these stain times resulted in  the best outcome for 
identifying fish  blood cells.  After staining, the  slides were rinsed with de-ionized 
water and blotted dry with  a  paper towel.  Leukocyte types  and frequencies  were 
later determined from these smears. 
Assays and Analyses 
The  lysozyme  procedure of Litwack (1955)  as  modified  by  Sankaran  and 
Gumani (1972), was employed and is explained in Chapter 1.  Plasma samples were 
diluted 8x with Sorensen's phosphate buffer, as determined by preliminary trials, in 47 
order to  bring them into the  range of the  standard curve.  A one-way Analysis of 
Variance (ANOVA) was used to determine if differences in means existed between 
treatments and controls.  The data were appropriately transformed to the 1/Y scale, in 
order to  meet  statistical  assumptions.  All  data  interpretations  were  made  on  the 
original scale after back-transformation.  T-tests and non-parametric methods were 
used  to  compare  individual  treatment  times  with  respective  controls.  All  tank 
replicates  were  tested  for  differences  and  pooled  appropriately  (p  values> 0.1). 
Potential tank effects, covariate body size effects, and interactions were also tested, 
found to be insignificant (p > 0.1), and removed from the model. 
Leukocyte  data  were  collected  from  the  blood  smears  USIng  a  compound 
microscope at  100x power under oil  immersion.  Using a cell counter, the numbers 
of leukocytes  were counted and  lymphocytes,  neutrophils,  and thrombocytes  were 
identified according to descriptions in  Yasutake and Wales (1983).  The frequencies 
of each leukocyte type were determined based on 200 red blood cells (RBC) counted 
in  each of four sections on  each  microscope  slide  (top  left,  bottom  left,  top  right, 
bottom right).  The fields where counting began within each section were randomly 
chosen, as  was the order in  which  each  section was  read.  The order in  which  the 
slides were read was also randomly selected.  The number of each leukocyte type per 
slide was determined for every 800 RBC counted. 
Lymphocyte,  neutrophil,  and  thrombocyte  data  were  analyzed  separately, 
using the General Linear Models (GLM) ANOVA.  Data from replicate tanks were 
tested and pooled appropriately (p values> 0.1).  Each data set was transformed as 
necessary in  order to  meet  statistical  assumptions.  Lymphocyte  and  thrombocyte 48 
data were transformed to the square root scale, while neutrophils were analyzed on 
the  original  scale.  All  data  interpretations  were  made  on  the  original  scale. 
Individual controls  and treatment times  were  compared with  student's  t-tests  and 
non-parametric  statistics.  Tank  effects  and  covariate  size  effects  and  possible 
interactions  were  also  tested and included in  the  model  when  necessary.  Unless 
otherwise  stated  in  the  results,  significant  differences  were  not  found  for  each 
leukocyte type between tank locations or body sizes (p values> 0.1). 
Results 
Analysis  of  each  treatment  and  its  respective  control  did  not  reveal 
differences  in  plasma  lysozyme  concentrations  at  hours  0,  3,  7,  10,  24  or  72 
(student's t-tests, Wilcoxon signed-rank tests, p values> 0.1) (Fig. ILIa), despite a 
significant  overall  trend  in  lysozyme  (GLM  ANOVA,  p  <  0.05).  There  was, 
however,  suggestive but inconclusive evidence  of higher lysozyme concentrations 
than  controls  8  hours  (temperature  at  l3°C)  after  initiation  of the  heat  stressor 
(student's t-test,  Wilcoxon signed-rank test,  p = .09).  This time point is  one hour 
after the temperature reached its maximum of 26°C and is the end point of the cold 
shock treatment. 
Thermally  stressed  fish  and  controls  did  not  differ  significantly  in  the 
frequencies of circulating lymphocytes when compared at each time point (student's 
t-tests, Wilcoxon signed-rank tests, p values> 0.1) (Fig. IL1b), despite a significant, 
positive treatment effect overall (GLM ANOVA, P < 0.05).  Significant differences 
between  treatments  and controls  were  not found  in  the  frequencies  of circulating 49 
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Figure ILl  (a) Mean lysozyme concentrations  (l-Lg/ml  HEWL) and (b) mean blood 
lymphocyte frequencies (per 800 RBC counted) with standard error bars at varying 
temperature treatments through time (n = 10  fish) .  Although there were significant 
trends of positive treatment responses overall (one-way ANOVA, p values < 0.05), 
individual control and treatment time pairs were not significantly different from each 
other (student's t tests, Wilcoxon signed-rank tests, p values> 0.1). 50 
neutrophils or thrombocytes (ANOVA, P values> 0.1).  An unexplained tank effect 
was  detected  in  the  thrombocyte  analysis  (p  <  0.05),  although  there  was  no 
treatment-by-tank  interaction.  Results  were  analyzed  with  tank  included  in  the 
model, which did not affect the outcome. 
Discussion 
Although  there  appears  to  be  a  slight  trend  of  increasing  lysozyme 
concentrations  with  time,  lysozyme  did  not  respond  significantly  to  the  thermal 
stressor.  Controls also seemed to follow the trend, possibly indicating a response to 
multiple exposure to net capture during each sampling period.  With the exception of 
suggestive but inconclusive evidence of higher lysozyme concentrations at  hour 8, 
the time at which the fish experienced the most dramatic temperature change,  effects 
of thermal  stress on  lysozyme were not  noticeable.  Results in  Chapter I indicated 
that  lysozyme is  sensitive to extreme differences  in  acclimation  temperature.  The 
lack of a lysozyme response to the individual temperatures in  this study may be due 
to the inability to adjust in  the limited time before the temperature abruptly changes. 
Additionally, the lack of a response to  the  stressor of rapid temperature change is  a 
similar finding to the lack of a handling stress response described in Chapter I. 
The frequency of circulating lymphocytes responded similarly to  lysozyme 
concentrations in that an  overall  response to the thermal stressor was detected, but 
individual  time  points  did  not  differ  from  their  respective  controls.  These 
inconsistent outcomes may also have been a consequence of multiple exposures to 51 
net capture of tank-mates.  Aside from  this  possibility, examination of the  results 
reveals a bi-modal pattern with peak lymphocyte frequencies at hours 7 and 72. 
Predictions  about  the  effects  of  temperature  and/or  stress  on  how  cell 
adhesion molecules might affect leukocyte circulation are not possible, based on our 
white blood cell results.  Unlike Narnaware and Baker (1996) who found a higher 
number  of circulating  granulocytes  in  rainbow  trout  exposed  to  25°C  for  four 
minutes,  we  did  not find  such  a  response  to  thermal  stress.  The frequencies  of 
neutrophils  and  thrombocytes  in  thermally  stressed  fish  were  also  insignificant, 
possibly because of the small amount of data available in each sample.  Because of 
the  different  methods  and  sampling  locations  used  in  the  two  experiments,  these 
leukocyte data cannot be compared to  those reported in  Chapter 1.  The quick and 
permanent method of capturing white blood cell data via blood smears was amenable 
to the time restrictions required for sampling frequently throughout this experiment. 
Future use of more advanced technology and equipment, such as the flow cytometer, 
may  allow  cell  counting  and  identification  to  be  more  easily  attainable  for 
comparison to other studies. 
The rapid temperature changes experienced by the fish in  this experiment did 
not have obvious effects on  the  lysozyme and circulating leukocyte components of 
the  non-specific  immune system at  any particular sampling time.  Generalizations 
about the effects of thermal stress on  lysozyme and circulating leukocytes in fish  at 
Hanford  Reach  should  be  made  with  caution,  however,  as  results  from  this 
experiment may have been biased by the effects of frequent samplings.  Before final 
conclusions are drawn, additional studies of the effects of rapid temperature change 52 
on the specific immune response and on other non-specific immune components are 
highly recommended. 53 
Chapter III 
Antibody Producing Cells Correlated to Body Weight in Juvenile 
Chinook Salmon (Oncorhynchus tshawytscha) Acclimated to Optimal 
and Elevated Temperatures 
Abstract 
The  immune  response  of juvenile  chinook  salmon  ranging  In  weight  from 
approximately 10 to 55 g was compared when the fish were acclimated to either 13°C 
or 21°C.  A hemolytic plaque assay was used to determine differences in the number 
of antibody producing  cells  (APC)  among  fish  of a  similar  age  but  different  body 
weights.  Regression analyses  revealed significant increases  in  the  number of APC 
with increasing body weight when fish were acclimated to either water temperature. 
These  results  emphasize  the  importance  of  standardizing  fish  weight  In 
immunological  studies  of  salmonids  before  exploring  the  possible  effects  of 
acclimation temperatures. 
Introduction 
Development and maturation of the immune system in fish is complex and can 
have  high  intra-specific  variability.  The  ability  of young  fish  to  resist disease  can 
depend on  age,  ontogeny,  body  size,  and external  temperature  (Wishkovsky et  aL 
1987;  Bly  and  Clem,  1992;  Schreck,  1996;  Tatner,  1996;  Schroder et aI.,  1998). 
While several studies have demonstrated differences in  the specific immune function 
of vertebrates varying in age or stages of physical development (Tatner and Manning, 54 
1983; Castillo et aI.,  1993; Ravichandran et aI.,  1994; Saad et aI.,  1994), others have 
indicated the importance of the influence of body size (Johnson et aI.,  1982a; Johnson 
et ai.,  1982b; Nakanishi, 1983; Bootland et aI.,  1990; Nakanishi,  1991; Tatner, 1996) 
when assessing immune function.  This study explores the  possibility that body size 
may affect the  specific  immune response  in  juvenile chinook salmon,  regardless of 
acclimation temperature. 
The  hemolytic  plaque  assay  has  been  widely  employed  to  assess  immune 
system  function  since  its  development  by  Jerne  and  Nordin  (1963).  The  assay 
measures the  ability of B  lymphocytes  in  vitro  to  produce plasma cells that release 
specific antibody in  response to  an  antigen. Modifications of the  assay are useful for 
assessing adaptive immunity in  fish  (Smith et aI.,  1967; Cunningham and Szenberg, 
1968; Chiller et aL  1969;  Rijkers et aI.,  1980; Tripp et aI.,  1987;  Anderson,  1990; 
Arkoosh  and  Kaattari,  1992).  The goal  of this  study  was  to  provide  a  cautionary 
warning  to  researchers  participating  in  studies  involving  temperature  and  adaptive 
immunity in  fish.  We hypothesized that juvenile chinook salmon of similar age,  but 
differing  size,  differed  in  their ability  to  generate  specific  antibody  producing cells 
(APC)  when  acclimated  to  optimal  and  elevated  temperatures.  We  had  the 
opportunity  to  test  for  a  potential  correlation  of APC  with  body  size  by  taking 
advantage of data collected as part of an experiment in which juvenile chinook salmon 
were  acclimated  to  two  environmentally  realistic  temperatures.  Chinook  salmon 
acclimated  to  l3°C,  the  optimum  temperature  for  this  species,  were  compared to 55 
those acclimated to 21°C, an elevated temperature not uncommon in the northwestern 
U.S.A. during late summer months (Brett, 1952; Armour, 1991). 
Methodology 
The APC data collected from the hemolytic plaque assay presented in Chapter 
I were used for analysis in  this  study; therefore,  the  reader should refer to  Chapter I 
for a full  description of the experimental fish (ranging in  weight from approximately 
10  to  55  g),  set  up,  and  methods.  Briefly,  50  III  of  picrylsulfonic  acid­
lipopolysaccharide  (TNP-LPS) antigen was  added to  50  III  of head kidney  cells  in 
culture in  a 96 well plate.  Duplicate in  vitro samples were taken for each fish.  The 
96 well plate was secured in an incubation chamber containing blood gas and the cells 
were  incubated at  17°C for  seven days.  Following  the  incubation period,  the  cells 
were washed with 50 III of fresh TCM and mixed with 10 III of haptenated sheep red 
blood  cells  (SRBC)  (SRBC  coated  in  TNP  antigen)  and  10  III  of complement 
(contained in  rainbow trout serum).  The cell mixtures were placed into Cunningham 
chambers  (Cunningham  &  Szenberg,  1968)  incubated  at  17°C  for  one  and  a  half 
hours,  and plaques were then counted.  Antibody production was determined by the 
number of APC per final pre-incubation leukocyte concentration in tissue culture. 
The  analysis  was  constructed  from  4  and  24  hour  data  from  non-stressed 
controls  acclimated  to  13°C  and  21°C.  The  APC  data  for  both  acclimation 
temperatures  were  tested for  differences  between the  two sampling times  each day 
with  an  analysis  of variance  (ANOYA),  found  to  be  insignificant  (p  > 0.1),  and 56 
pooled  appropriately.  Likewise,  the  number of APC  were  tested  for  differences 
between replicate sampling runs, also found to be insignificant (ANOYA, p > O.l), 
and the data were pooled.  Fish weight and the number of APC from a  total sample 
size  of  28  fish  were  regressed  for  each  acclimation  temperature  and  for  both 
temperatures combined.  After determining  that  the  linear model  best fit  the  data, 
regression analyses  were  performed  to  examine  possible correlations  between fish 
weight and the  number of APC.  Finally,  after determining that body size  was not 
dependent on acclimation temperature (ANOYA, p > 0.1), an analysis of covariance 
(ANCOYA)  \vas run to  tcst for  temperature differences in  the  number of APC with 
fish weight included in the model as a covariate. 
Results and Discussion 
Significant. positive linear regressions were found for the number of APC and 
final  weight in  fish acclimated to  l3°C (p =0.021) (R
2 =0.19) (Fig. IIUa) and 21°C 
(p =0.0006) (R
2 =0.37) (Fig. HUb).  No differences were found in  the number of 
APe between fish acclimated to  l3°C and 21 °c, and the number of APe in  fish  was 
dependent on the weight of the individual fish,  regardless of acclimation temperature. 
The  data  from  both  acclimation  temperatures  were  thus  combined  to  reveal  a 
significant, positive linear regression in APe and fish weight (p =0.0003) (R
2 =0.22) 
(Fig.  HI.lc).  Because  these  data  are  opportunistic.  it  is  possible  that  a  poor 
representation  of  some  size  ranges  are  reflected  in  the  low  R2  values  of  the 
regressions.  Nevertheless, the significant results presented indicate that care should 58 
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be taken to  account for body size in  immunological experiments involving antibody 
production in salmonids.  These results are consistent with Nakanishi's conclusion his 
study of the  marine teleost, SebastisclIs marmoratlls,  that larger fish  tend to have a 
better immune response than smaller fish (Nakanishi, 1991). 
Although there were no differences in the regressions of fish  weight and the 
production  of specific  antibody  between  acclimation  temperatures,  an  analysis  of 
covariance (ANCOVA) revealed significant differences in the  number of APC when 
fish  weight was included in the model as a covariate.  In  this case, fish  acclimated to 
21 °C  had  a  significantly  higher  number  of  APC  than  fish  acclimated  to  l3°C 
(ANCOVA P =0.034).  Other studies have described how the immune response can 
be controlled by external temperature (Clem et aI.,  1984; Clem et aI.,  1991; Bly and 
Clem,  1992; Tatner,  1996).  For example, the  immune responses of channel catfish 
have  been  altered  by  both  ill  \'i\'()  and  ill  \'itro  temperature  tluctuations.  Lower 
temperatures tended to have an inhibitory effect on the production of specific antibody 
and warmer temperatures resulted in  higher antibody responses (Clem et aI.,  1984; 
Bly and Clem,  1992).  Our data support this  outcome when the  weight of the  fish  is 
accounted for in  the analysis, 
Other researchers using the  plaque assay for studies with salmon  ids (Tripp et 
a!.,  1987; Maule et a!.,  1989; Slater et a!.,  1995) may not have found an effect of body 
size on antibody production if size variation in  the experimental fish  was small.  We 
are,  at present, unable to  explain why smaller fish  of the  same age  tend to produce 
lymphocytes  that  are  less  responsive  to  the  antigen  ill \'itro.  It  has,  however,  been 60 
suggested that dominant fish,  which generally tend to  be larger,  may stress  smaller 
subordinate fish  (Peters et aI.,  1991).  Exhibition of such a stress response in  small 
fish may lead to immunosuppression (Tripp et aI.,  1987; Maule et aI.,  1989).  Though 
it  is  possible  that  the  positive  correlation  of APC  to  body  weight  may have  been 
driven  by  developmental  stage,  our  results  support  Nakanishi's  and  Tatner's 
conclusions that body size, rather than age, is  a better determinant of immunological 
maturity  during  ontogeny  (Nakanishi,  1991;  Tatner,  1996).  Furthermore,  they 
demonstrate  that  the  influence  of acclimation  temperature  on  the  adaptive  immune 
system may be  affected by body size.  Our findings  indicate  that  caution should be 
executed when selecting fish of similar age but varying body sizes for immunological 
studies in salmonids. 61 
General Conclusions 
The goal  of Chapter I  was  to  gain a better understanding of the  combined 
effects of elevated acclimation temperature and acute handling stress on the immune 
system in juvenile chinook salmon.  Additive temperature and stress effects were not 
found  and  there  was  no  evidence  that  an  elevated  in  vivo  temperature  of 21°C 
magnified  the  effects  of stress  on  the  immune  system.  Cortisol  and  glucose 
concentrations suggested, however, that this acclimation temperature augmented the 
physiological response to stress, compared to a preferred temperature of l3
0 C. 
According  to  the  number  of  antibody  producing  cells  specific  immune 
responses  were  not  affected.  however,  lysozyme  and  pronephric  leukocytes  both 
responded  to  the  elevated  acclimation  temperature.  The  positive  correlation  of 
lysozyme concentration and acclimation temperature could have  indicated immune 
suppression; this conclusion. however. is  only speculative.  The negative correlation 
of the  total number of pronephric leukocytes and ill  vivo temperature also suggested 
a  non-specific  immune  response.  Cellular  conditions,  such  as  alterations  in  cell 
adhesion molecules or apoptosis, may have led to this result, however, determination 
of  these  details  was  beyond  the  scope  of  this  experiment.  Overall,  elevated 
acclimation temperatures elicit a stress response in juvenile chinook salmon and alter 
the  non-specific  immune  response,  according  to  lysozyme  concentrations  and  the 
number  of pronephric  leukocytes.  Further  testing  of the  immune  system  under 
elevated temperature conditions may uncover possible deleterious effects. 62 
Chapter II  was designed to  determine if a  thermal  stressor involving  rapid 
temperature  fluctuation  affects  innate  immunity  in  terms  of  plasma  lysozyme 
concentrations and circulating leukocytes  in  wild Columbia River chinook salmon 
parr.  Although  no  differences  were  detected  between  controls  and  temperature 
treated fish at individual time points, an overall positive trend was detected in plasma 
lysozyme  concentrations  and  the  frequencies  of  circulating  lymphocytes.  No 
response was found in  the  frequencies of circulating neutrophils and thrombocytes. 
Based on these results, further investigation of thermal stress on the  immune system 
is recommended. 
In Chapter III we examined the relationship between the number of antibody 
producing  cells  and  body  weight  in  juvenile  chinook  salmon.  Results  from  a 
hemolytic  plaque  assay  conveyed  a  significant  positive  relationship  between 
antibody  producing  cells  and  body weight among  non-stressed  fish  acclimated  to 
21°C and n°c.  These results emphasize the  importance of standardizing body size 
in  experiments of the  adaptive immune system. involving fish acclimated to cool or 
warm temperatures. 63 
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Appendix I 

Temperature Acclimation Experiments 

Purpose 
These experiments were conducted as  preliminary trials  for  the  experiment 
described  in  Chapter  1.  The purpose of these  experiments  was  to  determine  the 
approximate time to temperature acclimation of juvenile chinook salmon from  l3°C 
to 21°C. 
Feed acclimation 
Twenty-five chinook salmon parr each weighing  approximately 5.5  g  were 
removed from  an outdoor stock trough and placed into each of two O.9-M  circular 
tanks with constantly flowing  l3°C well  water.  While fish  in  one tank remained at 
the ambient DOC throughout the experiment. fish in  the other tank were exposed to a 
temperature increase of 2°C per day for  the  first four days.  These fish  remained at 
21°C for  1-1- days thereafter.  Each tank contained an  electronic thermometer which 
monitored water temperature every  10  minutes.  The fish  were slowly fed  Oregon 
Moist Pellet from Biodict two times daily until satiation was reached.  The accepted 
feed  amounts were recorded and the  total  amount fed  daily,  per average fish  from 
each treatment, was calculated. 
With the exception of a spike on day five,  it  appears that the fish undergoing 
temperature change ate slightly less within the first week, but were eating about the 
same amount per body weight through the  end of the  second week at 21°C, as  the 76 
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Figure  A.l  Feeding  actIV1ty  of juvenile  chinook  salmon  parr  during  and  after 
incremental temperature elevations up  to  21 °C (in  four days) compared to  controls 
acclimated to  l3 
0 C.  Similar feeding patterns to controls in fish held at 21 °C by day 
19 suggest that treatment fish were acclimated to warm water.  Arrows indicate days 
on which respiratory behavior data were collected in fish held at 21°C. 77 
concluded that when slowly increased from 13°C to 21 °C over four days, the salmon 
were acclimated to 21°C by two weeks. 78 
Appendix II 
Influence of Sampling Methods on Lysozyme Levels in Chinook Salmon 
Purpose 
1)  To  determine  if lysozyme  concentrations  in  juvenile  chinook  salmon 
respond differently to two different methods of sampling. 
2)  To  determine  if  the  method  of  sampling  described  In  Chapter  I 
independently initiated a lysozyme response in controls. 
Background 
In recent stuJies, careful considerations have been made as  to  the effects of 
sampling methods on  the  hypothalamic-pituitary-interrenal axis,  which may lead to 
elevations in catecholamines and corticosteroids (Demers, 1996; Demers and Bayne, 
1997;  Gerwick  et  aL,  1999).  For example,  Gerwick  et  aL  (1999)  found  higher 
adrenaline  and  plasma  cortisol  levels  in  rainbow  trout  sampled  via  capture  and 
concussion, compared to  those sampled by a discrete infusion of anesthetic directly 
into  resident  tanks.  Although  capture  methods  are  acknowledged  as  a  potential 
concern, there is  limited information on their effects on lysozyme concentrations in 
experiments  with  fish.  When  rainbow  trout  were  killed  by  concussion,  Demers 
(1996) found  no significant differences  in  lysozyme  activity between controls and 
stressed  fish.  When  sampled  with  the  infusion  of  2-phenoxy-ethanol  into 
experimental tanks,  however,  lysozyme activity increased in  12  out of 15  stressed 
fish and 6 out of 15  controls.  As  catecholamine levels were significantly lower in 
fish anesthetized in their resident tanks before being bled, it was concluded that the 79 
infusion of anesthesia method created less disturbance of controls, thus allowing for 
differences in lysozyme activities to be detected. 
Although  Chapter  I  of this  thesis  demonstrated  that  cortisol  and  glucose 
levels  were  clearly  higher  in  stressed  fish  than  controls,  it  is  possible  that  the 
sampling  method  used,  involving  net  capture  and  bucket  transfer,  may  have 
independently  caused lysozyme  concentrations  to  respond  beyond basal  levels  in 
controls.  This  experiment  was  conducted  to  compare  the  sampling  method 
described in Chapter I with a sampling method involving the infusion of a lethal dose 
of MS222 directly into the tank to which the  fish were acclimated. 
Methods and analysis 
Two O.9-M  circular tanks  with constantly flowing  well  water at an ambient 
l3°C were set up at the Fish Performance and Genetics Laboratory in  Corvallis, OR. 
The tanks were arranged under identical conditions, except one tank contained a ''T'' 
shaped arrangement of PVC pipe submerged upside down in the water, which could 
be  accessed from  outside of the  tank.  This apparatus was perforated throughout to 
allow rapid and evenly distributed anesthetic to take effect without visual disturbance 
to  the  fish.  Thirty juvenile chinook salmon each weighing  approximately  10.5  g 
were  randomly  selected  from  a  stock  tank  and  15  fish  were  placed  into  each 
experimental tank.  The fish  were  allowed to  acclimate  to  their  new  tanks  for  two 
weeks  and  were  fed  a  growth  ration  of 3%  of their  average  body  weight  with 
BioDiet's Oregon Moist Pellet, twice daily. 80 
The sampling procedure for the control tank was identical to that explained in 
Chapter 1.  Briefly, the fish were quickly removed with a dip net and submerged into 
a 5-L bucket containing buffered MS222 at 200 mglL.  The bucket was immediately 
covered and the fish were sampled within a minute.  The proper kill dose of 5.54 L 
of buffered MS222 was calculated for the  amount of water in the infusion treatment 
tank and was placed in a bucket containing a pump and hose line.  The anesthetic 
solution  was  pumped from  the  bucket  into  the  treatment  tank  and  the  fish  were 
sampled within 50 seconds.  Blood samples from 13 fish in each tank were collected 
immediately with EDTA coated capillary tubes.  The samples were placed on ice and 
centrifuged for plasma extraction. 
The plasma lysozyme assay for this experiment was the same as described in 
Chapter  I.  Preliminary  trials  revealed  that  an  8x  dilution  was  sufficient  for 
interpreting results on the HEWL standard curve.  Samples were placed in  random 
order and run in  triplicate on a 96 well  plate.  The data were analyzed with a one­
way ANOYA and the results were verified with non-parametric Kruskal-Wallis and 
Wilcoxon signed-rank tests. 
Results and conclusions 
There  were  no  differences  found  in  lysozyme  concentrations  between 
sampling methods (p > O.l  ANOYA, P > O.l  Kruskal Wallis, Wilcoxon signed-rank 
test)  (Fig.  A.2).  The  difference  between  this  outcome  and  findings  by  Demers 
(1996) may be attributed to the fact that the sampling procedure described in Chapter 
I did not involve concussion.  The procedure used did not influence the results of 81 
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Figure  A.2  Mean  lysozyme  concentrations  with  standard  error  bars  of juvenile 
chinook salmon sampled via capture and bucket transfer or anesthetic  infusion  into 
resident tank (n = 13).  Differences  in  lysozyme concentrations  were  not  detected 
between the two sampling methods (p > 0.1). 82 
stress  honnones,  and  differences  in  lysozyme  concentrations,  if  any,  were 
insignificant.  It  can  thus  be  concluded  that  the  sampling  method  employed  in 
Chapter I had no effect on lysozyme concentrations in  control fish.  Although other 
stress experiments involving the analysis of catecholamines may benefit from the use 
of sampling via anesthetic  infusion,  results from this  experiment demonstrate that 
this approach was not necessary for the experiment described in Chapter I. 
A final note about the lysozyme assay 
Because of its  easy access  and use,  HEWL is  a common standard tool  for 
quantifying  plasma or serum lysozyme  activity  in  fish.  Problems  have  occurred. 
however. with standardizing salmonid plasma concentrations, in order to stay within 
the  HEWL range and avoid data extrapolation.  Because of high  assay sensitivity, 
dilution of fish  plasma samples is  often necessary.  Such dilutions cali  lmgnify the 
error involved when drawing  L![' quantitative conclusions.  Additionally. because of 
restricted concentrations within the HEWL standard curve (i.e.  the standard curve is 
not stable at less  than  3  )lg/ml or greater than  15  )lg/ml).  the  opportunity to  detect 
differences in  fish  lysozyme concentrations may be narrowed.  Consequently, it  is 
recommended  that  when  studying  lysozyme  in  salmonids,  a  standard  curve  be 
created with purified lysozyme from a salmonid, such as  a rainbow trout, rather than 
using HEWL.  Additionally, if the HEWL standard curve is  used for determining fish 
lysozyme concentrations, it  is  necessary that quantitative conclusions are not drawn 
from  the  results.  Rather,  differences  between  treatments  should  be  identified  as 83 
increasing  or decreasing.  Hopefully,  future  explorations  with  the  creation  of fish 
standard curves will be able to resolve some of these discrepancies. 84 
Appendix III 

Temperature acclimation and incubation APC Experiment 

Purpose 
This experiment was proposed to examine the  number of APC under varying 
conditions of fish  acclimation and cell incubation temperatures through time.  The 
experiment was designed to answer two basic questions of interest: 
1.  Are there differences in  optimum cell incubation temperature and time for 
salmonids acclimated to warm and cold temperatures? 
2.  What  are  the  patterns  of plaque  formation  over  time  at  different  fish 
acclimation and cell incubation temperatures?  Specifically, how long does it 
take  pronephric B lymphocytes to  produce the  optimum amount of specific 
antibody at  l3
0 C.  l7°C and 21°C ill  vitro?  Is  in  vitro antibody production 
dependent on the in  vivo acclimation temperatures of l3°C or 21 °C at which 
the donor fish were held? 
A  hemolytic  plaque assay was conducted to  answer these questions via the 
following procedure: 
Head  kidney  leukocytes  from  approximately  eight  chinook  salmon  (per 
acclimation  temperature)  acclimated  to  either  l3°C or  21°C  for  two  weeks  were 
placed in culture.  Tanks were set up  and fish  were slowly acclimated to  21°C as 
explained in Chapter I.  Cells from each fish were cultured at  l3°C, l7°C, and 21°C 85 
incubation temperatures for  five,  seven, and nine days.  The plaque assay employed 
was the same as described in Chapter I. 
Experimental results 
This experiment was run three  times  in  an effort to  gather enough data to 
answer the questions of interest.  Ideally, enough cells should be collected from each 
fish to distribute over all three incubation temperatures and sampled at all three time 
points.  In  the first experiment, the incubator containing cells at  l3°C failed during 
the  course of the  experiment.  Additionally,  it  was found that the juvenile chinook 
salmon  were  too  small  to  gather  enough  cells  to  distribute  over  all  incubation 
temperatures and all  time points.  The second experiment involved yearling chinook 
salmon weighing between 20 and 30 g.  It  was noted, however, that some of the fish 
acclimated to  l3°C revealed signs of bacterial kidney disease,  upon examination of 
their  kidneys.  The experiment was repeated a  third time  with  adult rainbow  trout 
weighing 240-300 g.  Due to  inconsistencies and problems within the plaque assay, 
some of the data collected were determined to  be  inadequate.  Problems with faded 
or streaked  plaques  existed  in  all  three  experiments,  making  counting  sometimes 
difficult.  This problem was most common among the  cells incubated at  17°C and 
21°C  after  seven  or nine  days.  indicating  that  peak plaque  formation  had  already 
occurred.  If  this  experiment  is  repeated,  it  is  recommended  that  an  alternative 
method, such as flow cytometry, is used with fish weighing 100 g or more. 
The following table contains the  results  from  the  plaque assays of all  three 
experiments  (Table  A.I).  Because  of the  differences  in  these  experiments  (i.e. 86 
different species of fish),  these data should not be combined.  Only data that were 
considered to be valid (i.e.  legible plaques, healthy fish,  etc.) were included in  this 
table.  Also,  it  is  recommended that the  raw data from  this  table  are  not analyzed 
quantitatively,  but  that  the  number  of plaques  are  considered  as  increasing  or 
decreasing between incubation temperatures and time. 87 
Table A.I  Raw plaque data from three experiments-- fish were acclimated  to 13°C 
or 21°C and leukocytes were incubated at 13°C, 1 rc, and 21°C for five, seven, and 
nine days. 
Exper#  acclim temp  incu temp  fish #  day  plaques counted 
1  21  17  1  5  2 
1  21  17  1  7  21 
1  21  17  1  9  96 
1  21  17  2  7  29 
1  21  21  2  7  130 
1  13  17  3  5  19 
1  13  17  3  7  202 
1  13  17  3  9  447 
1  13  21  3  5  91 
1  13  21  3  7  407 
1  13  21  3  9  437 
1  13  17  4  5  20 
1  13  17  4  7  164 
1  13  17  4  9  576 
1  13  21  4  5  136 
1  13  21  4  7  456 
1  13  21  4  9  430 
1  13  17  5  5  22 
1  13  17  5  7  21 
1  13  17  5  9  61 
1  13  21  5  5  49 
1  13  21  5  7  132 
1  13  17  6  5  23 
1  13  17  6  7  130 
1  13  17  6  9  126 
1  13  21  6  5  118 
1  13  21  6  7  323 
1  13  21  6  9  35 
2  21  13  7  9  160 
2  21  17  7  9  93 
2  21  21  7  9  56 
2  21  17  8  7  47 
2  21  13  9  5  0 
2  21  17  9  5  47 
2  21  13  10  5  1 
2  21  13  10  7  54 88 
Exper#  acclim temp  incu temp  fish #  day  plaques counted 
2  21  13  10  9  18 
2  21  17  10  5  5 
2  21  17  10  7  43 
2  21  17  10  9  70 
2  21  21  10  7  195 
2  21  21  10  9  69 
2  21  13  11  5  13 
2  21  13  11  7  27 
2  21  17  11  7  19 
2  21  13  12  9  215 
2  21  17  12  5  36 
2  21  17  12  9  25 
2  21  21  12  9  43 
2  13  13  13  5  0 
2  13  17  13  5  31 
2  13  21  13  9  62 
2  13  13  14  7  56 
2  13  17  14  9  33 
2  13  21  14  7  54 
2  13  13  15  5  0 
2  13  17  15  7  14 
2  13  13  16  7  71 
2  13  17  16  7  260 
2  13  21  16  7  171 
2  13  17  17  9  46 
2  13  21  17  9  13 
3  13  13  18  5  4 
3  13  13  18  9  114 
3  13  17  18  5  81 
3  13  17  18  7  186 
3  13  21  18  5  13 
3  13  21  18  9  15 
3  13  13  19  5  0 
3  13  13  19  9  44 
3  13  17  19  5  46 
3  13  17  19  7  134 
3  13  21  19  5  9 
3  13  21  19  9  14 
3  13  13  20  5  84 89 
Exper#  acclim temp  incu temp  fish #  day  plaques counted 
3  13  17  20  7  14 
3  13  17  20  9  25 
3  13  21  20  5  63 
3  13  13  21  5  27 
3  13  13  21  7  95 
3  13  13  21  9  196 
3  13  17  21  5  103 
3  13  17  21  7  285 
3  13  21  21  5  47 
3  21  13  22  5  17 
3  21  13  22  9  81 
3  21  17  22  5  126 
3  21  21  22  5  49 
3  21  21  22  9  24 
3  21  13  23  5  50 
3  21  13  23  7  152 
3  21  13  23  9  88 
3  21  17  23  7  342 
3  21  21  23  5  39 
3  21  21  23  9  21 
3  21  13  24  9  19 
3  21  17  24  7  159 
3  21  17  24  9  164 
3  21  13  25  5  99 
3  21  13  25  9  129 
3  21  17  25  5  169 
3  21  17  25  7  186 